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ABSTRACT 


This  is  the  unclassified  section  (Vol.  I)  of  the  Final  Report  under 
Contract  Nonr-3109(00) ,  Office  of  Naval  Research,  dealing  with  fission- 
fragment-generated  plasmas  for  thermionic  energy  conversion.  Results  of 
the  past  year's  work  are  presented  under  three  major  headings,  viz., 

"(A)  -  Reaction  Kinetic  Studies  of  Ar-Cs  Plasmas",  where  the  possible 
influence  of  a  heteronuclear  ArCs  ion  is  considered  and  rejected, 

"(B)  -  Calculation  of  Electron  Temperatures  in  Plasmas  Produced  by  Fis¬ 
sion  Fragments",  where  we  discover  that  a  non-equilibrium  electron  tempera 
ture  exists  at  the  higher  values  of  neutron  flux;  and  "(C)  -  Electron  Den¬ 
sities  in  Fission-Fragment  -Induced  Plasmas  in  Microwave  Cavities  ,  where 
much  of  our  previous  theories  are  collected,  enlarged  and  incorporated 
into  a  comprehensive  set  of  computer  codes  which  predict  accurately  elec¬ 
tron  densities  in  the  Ne-Ar  system.  Preceding  the  detailed  discussion  of 
these  3  topics  is  a  summary  (in  Section  i)  of  the  main  results  of  studies 
(A),  (B),  and  (c).  Also  in  Section  I  we  survey  our  past  work  and  offer 
some  general  comments  and  conclusions  on  the  present  status  and  utility 
of  the  fission-fragment  ionization  scheme  for  use  in  thermionic  diodes . 
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SECTION  I 


INTRODUCTION,  SUMMARIES  AND  CONCLUSIONS 
1.  INTRODUCTION  AND  PREVIOUS  WORK 


From  early  In  our  program,  our  research  work  on  inpile  thermionic  energy 
conversion  has  been  directed  toward  answering  the  question  of  whether  a  rela¬ 
tively  low-temperature  thermionic  emitter  coupled  to  a  fission-fragment¬ 
generated  plasma  can  lead  to  a  useful  energy  conversion  scheme .  Because  of 
the  novelty  of  this  approach,  most  of  our  work  has  been  of  a  basic  rather 
than  device-oriented  nature,  and  has  progressed  along  the  following  lines. 

The  development  program  for  an  unclad  nuclear-heated  emitter  material 

that  could  be  operated  over  a  temperature  range  of  1100-1300°C  with  a  current 

-2 

density  capability  of  about  10  A  cm  was  successfully  completed  In  1964 . 

This  work  is  fully  described  in  Part  I  (unclassified)  and  Part  II  (classified) 
of  the  Final  Report,  Contract  Nonr-3870(00) ,  Office  of  Naval  Research,  July  1, 
1964.  The  thermionic -electron  and  fission-fragment  emitter  that  was  developed 
is  an  unclad  Ba0-U02~W  cermet  in  which  the  U02  acts  as  the  source  of  heat,  and 
the  BaO  as  the  source  of  barium  which  subsequently  diffuses  to  the  surface  of 
the  emitter .  A  coating  of  barium  is  thus  formed  on  the  tungsten  phase  of  the 
emitter  and  this  provides  a  relatively  low  work  function  for  thermionic  elec¬ 
tron  emission.  In  addition,  the  uranium  residing  on  the  surface  of  the  emitter 
serves  as  the  source  of  fission  fragments  which  penetrate  the  gas  generating 
a  plasma.  Although  we  have  encountered  many  difficulties  of  technique  in 
going  from  the  successful  small  (0.3  cm  diam)  emitters  of  1964  to  the  larger 
(l.9  cm  diam)  emitters  of  our  recent  electron  transport  tubes  (discussed  in 
the  classified  Volume  II  of  the  present  Final  Report),  we  have  persisted  to 
regard  the  emitter  concept  and  structure  as  satisfactory  particularly  from  an 
electron  emission  standpoint.  As  a  result,  in  the  past  few  years  we  have  con¬ 
centrated  our  efforts  on  trying  to  understand  more  fully  the  nature  of  plasmas 
Induced  by  fission-fragment  excitation  and  Ionization  of  a  noble  gas  . 

Our  reasons  for  using  noble  gases  for  the  plasma  medium  have  been,  firstly, 
that  they  are  chemically  inert,  and  secondly,  that  their  electron-neutral  atom 
scattering  cross  section  is  100  to  1,000  times  smaller  than  the  comparable 


cross  section  for  cesium.  This  smaller  noble  gas  cross  section  could  well  lead  to 
mailer  internal  power  losses  In  a  converter,  or  permit  greater  electrode  spac- 
ings  than  present-day  cesium  devices .  Hie  prospect  of  a  thermionic  converter 
vith  a  low  temperature  emitter,  chemically-lnert  filling,  and  relatively  wide 
electrode  spacing  is  extremely  attractive  from  a  fabrication  standpoint  and 
potential  for  long-lived  operation. 

TCie  first  basic  inpile  study  of  the  plasma  was  the  ion  generation  rate 
A  series  of  experiments  were  conducted  on  the  plasma  alone  using 
small  ceramic-metal  diodes  containing  a  thin  uranium-235  foil  and  filled  with 
noble  gases  et  a  variety  of  pressures  between  30  and  too  torr.  The  uranium 
foil  provided  a  copious  flux  of  fission  fragments  but  remained  cool  with  con¬ 
sequently  no  thermionic  emission .  The  value  of  the  ion  generation  rate  aue 
to  fission  fragments  could  he  obtained  directly  from  the  current -voltage 
(I-?)  data  of  these  diodes.  Our  final  procedure2'3  was  to  compute  the  ion 
generation  rate  ana  the  corresponding  X-V  relationship  from  first  principles 
for  the  gases  studied,  viz.,  Be,  A r,  Xe,  and  fte-Ar  with  [Ar]/[  Wo’3,  and 

these  computed  characteristics  all  agreed  with  the  experiment!?' La  within 

110  A.  We  thus  confirmed  that  we  knew  well  the  primary  rate  of  ion  produc- 
tion  in  such  plasmas  . 

With  this  knowledge  of  ion  generation  rate,  we  were  able  to  calculate  the 
electron  density  in  all  the  single  gases3  where  the  predominant  charge  loss 
process  was  dissociative  recombination.  We  concluded  that  the  electron  den- 
eity  ne  in  the  single  noble  gases,  extrapolated  to  a  power  reactor,  were  too 
low  (nea  10  cm  )  by  factors  of  between  10  to  100  to  be  of  interest  for  therm¬ 
ionic  energy  conversion.  The  situation,  however,  was  not  as  simple  for  neon 
mixed  with  traces  of  argon.  It  was  clear  from  both  experiment  and  computa¬ 
tion  that  the  ion  generation  rate  for  Ne-Ar  at  pressures  ~  100  torr  was  about 
50 /„  higher  than  that  for  pure  neon.  This  was  due  to  the  Penning  Effect,  i  .e 
the  ionization  of  argon  in  collisions  of  the  second  kind  with  neon  metastable  ' 
states  generated  by  fission  fragments.  However,  the  value  of  the  electron 
density  in  Fe-Ar  was  much  less  clear  since  the  total  volume  charge  loss  in  this 
mixed  system  could  not  be  represented  by  a  single  volume  loss  coefficient  as  in 
the  single  gases.  Importantly,  there  arose  the  possibility  of  making  the  life¬ 
time  of  the  Ar  ion  much  longer  than  the  lifetime  of  Fe+  and  Ne*  ions,  thus 
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greatly  enhancing  the  electron  density  and  conductivity  of  the  plasma.  This 
led  to  the  next  phase  of  the  plasma  program,  viz.,  experimental  and  theoretical 
studies  of  electron  density  in  binary  Penning-type  gas  mixtures  ionized  by 
fission  fragments  . 

In  the  theoretical  studies  of  the  Penning-type  gas  mixture,2  in  the  first 
instance  Ne-Ar,  we  proceeded  to  write  down  five  simultaneous  equations  describ¬ 
ing  what  we  judged  to  be  the  important  production  and  loss  processes  for  Ne+, 

■f1  ]Tl  +  +  *  ' 

Ne2,  Ne  ,  A r  and,  A r2<  The  electron  density  was  the  sum  of  the  density  of  the 
four  ion  species  each  of  which  was  determined  by  solving  this  set  of  simul¬ 
taneous  equations  with  a  digital  computer.  About  30  reaction  rates  needed  to 
be  known  representing  processes  such  as  diffusion,  recombination,  molecular- 
ion  formation,  and  volume  destruction  of  metastable  states,  in  addition  to 
accurate  values  of  the  generation  rate  of  ions  and  metastable  states  obtained 
from  our  earlier  studies .  These  reaction  rates  for  Ne-Ar  were  mostly  known, 
or  could  be  readily  extracted  from  the  literature  or  were  estimated  with  suf¬ 
ficient  accuracy.  Thus  we  obtained  computed  contour  maps  of  electron  den¬ 
sity  as  a  function  of  total  gas  pressure  p  and  [Ar J  /LJ  seeding .  The  impor¬ 
tant  result  was  that  for  the  temperatures  expected  in  a  thermionic  converter, 
there  existed  a  maximum  in  the  value  of  ng  at  [at*] /f Ne'k=?10-1+  and  psslOO  torr . 
This  maximum  value  of  ng  arose  from  a  maximum  in  tie  lifetime  of  the  dominant 
Ar  ion  under  these  conditions  .  Also  the  predicted  value  of  n  of  greater 
than  10  cm-3  in  an  experimental  reactor  indicated  a  significant  electron- 
density  gain  of  about  a  factor  of  10  over  the  single  gas  . 

We  then  used  the  above  reaction  kinetics  equations  to  study  the  electron 
density  in  argon  seeded  with  cesium. ^  This  is,  we  think,  the  most  promising 
mixture  for  the  fission-fragment  plasma  scheme.  The  presence  of  a  trace  of 
cesium  does  not,  however,  mean  a  plasma  behavior  akin  to  the  conventional  ces¬ 
ium  converter.  The  cesium  is  present  in  such  minor  concentration  (S  10" 2  torr) 
that  the  undesirable  elastic  scattering  from  electron-neutral  cesium  impacts 
is  still  negligibly  small.  The  advantages  of  this  mixture  are  that  argon  has 
a  higher  stopping  power  than  neon  for  fission  fragments,  argon  has  an  exceed¬ 
ingly  low  Ramsauer  minimum  (i.e.  low  resistance  to  electron  flow)  at  the  right 
energy  point  (-^0.2  eV)  for  a  converter,  argon  metastables  have  a  very  large 
cross  section  (js'lCT^cm2)  for  ionizing  neutral  cesium,  and  a  cesium  covering 
can  be  used  on  the  collector  to  yield  a  low  work  function  surface .  The 
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results  of  our  computations  of  electron  density  In  Ar-Cs  *  indicated  a 
behavior  rather  similar  to  that  in  Ne-Ar,  viz.,  that  a  single  maximum  value  of 
ng  existed  and  occurred  around  10“^  and  pSilOO  torr.  The  value  of 

ng  in  Ar-Cs  however,  was  twice  as  high  as  in  Ne-Ar,  although  greater  uncer¬ 
tainty  existed  in  several  of  the  reaction  rate  coefficients  for  Ar-Cs . 

The  predictions  of  the  reaction  kinetics  theory  for  Ne-Ar  and  Ar-Cs  were 
checked  as  follows  .  We  measured  the  inpile  electron  density  in  each  plasma 

using  small  metal  microwave  cavities  at  the  end  of  a  long  evacuated  K-band 

4 

waveguide.  Each  cavity  was  a  right-circular  cylinder,  containing  again  a 
thin  uranium-235  foil,  and  the  average  electron  density  of  the  plasma  was 
determined  from  the  change  in  resonant  frequency  of  the  cavity  due  to  the 
presence  of  the  electrons  .  Considerable  care  was  necessary  in  the  experimen¬ 
tal  setup  to  ensure  a  good  reflected  signal  from  the  distant  inpile  cavity. 

Electron  density  measurements  from  the  neon-argon  cavities  with  j^Arj  / 1  =10“^ 

and  p=90  torr  yielded  values  of  n  as  a  function  of  neutron  flux  0  which 

6  5  6 

agreed  quite  well  with  the  predicted  values  of  ne .' T  With  the  90  torr  argon- 

cesium  cavity  we  were  also  able  to  vary  the  cesium  pressure  by  varying  the 

temperature  of  the  cesium  reservoir  and  so  obtain  values  of  n  as  a  function 

of  lCs]/[Ar] ‘6,?  In  thls  case  the  reaction  kinetics  theory  predicted  well 

the  general  magnitude  and  trend  of  the  electron  density  but  the  experimental 

values  of  ng  were  higher  than  expected  particularly  for  values  of  jos  J/fArj  ■CIO"4 

Very  importantly,  the  experimental  values  of  n  showed  K  dependence  on 

®  6 

ambient  temperature  which  could  not  be  accounted  for  by  theory.  The  fission¬ 
ing  of  the  uranium  foil  heated  the  microwave  cavities  slightly  and  by  means 
of  a  cooling  jet  of  nitrogen  gas  we  were  able  to  vary  the  average  cavity  tem¬ 
perature  in  the  range  300-600°K.  We  found  that  for  Ar-Cs,  an  increase  of 
ambient  temperature  of  100 °K  in  this  range  increased  the  value  of  ng  by  a 
factor  of  about  3.  In  sharp  contrast  the  effect  of  temperature  on  n  in  Ne-Ar 
was  smaller  than  expected  at  that  time .  Then  in  the  reaction  kinetics  theory, 

we  assumed  that  the  electron  temperature  T  was  at  the  ion/gas  temperature  T. 

6  i,a 

The  most  temperature-sensitive  reaction  rate  in  the  theory  was  collisional- 

radiative  recombination  of  the  trace  gas  atomic  ion  (a  T  if  we  assume  this 

1  -5  q 

important  loss  process  to  be  completely  dominant,  then  S=CILT„  n  so  that 

ne=(  7  >  for  "the  temperature  range  560-600°K  we  then  obtain  a  varia¬ 

tion  of  ng  of  1.3  which  is  much  smaller  than  the  factor  of  3  increase  in  the  experi¬ 
mental  value  of  ng  in  Ar-Cs.  Also  because  of  the  nature  of  the  high  vacuum  ceramic- 

metal  seal  of 
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the  cavity  window  for  admitting  microwaves,  we  could  not  independently  heat 
the  microwave  cavity  up  to  temperatures  of  1300°K  or  so  of  interest  for  a 
converter . 

Thus  the  position  was  that  we  could  not  predict  the  electron  density  in 
Ne-Ar  or  particularly  Ar-Cs  at  1300°K  because  of  an  observed  temperature 
behavior  over  300-600°K  that  was  not  in  accord  with  the  temperature  predic¬ 
tions  of  our  reaction  kinetics  theory.  That  is,  extrapolation  of  our  micro- 
wave  cavity  results  to  the  all-important  conditions  of  a  converter  in  a  power 
reactor  necessitated  a  much  better  understanding  of  the  dependence  of  ng 

upon  T  .  This  aspect  of  the  plasma  has  motivated  much  of  our  recent  inves- 
i  ,a 

tigations  .  Several  possible  temperature-sensitive  surface  and  volume  reac¬ 
tions  in  Ar-Cs  were  considered  in  last  year's  report^  but  none  appeared 
capable  of  yielding  the  observed  behavior .  This  brings  our  basic  plasma 
studies  up  to  their  position  at  the  beginning  of  the  current  reporting  period 

The  other  parallel  investigations  that  we  have  conducted  over  the  past 
three  years  have  been  on  inpile  thermionic  electron  transport .  This  has 
involved  experimental  and  theoretical  studies  on  the  current-carrying  capabil¬ 
ity  of  the  Ar-Cs  plasma  when  coupled  to  the  BaO-UO^-W  emitter .  The  inpile 
experimental  results  from  several  thermionic  diodes,  each  with  important  modi¬ 
fications,  are  classified  and  reported  in  Volume  II  of  this  present  Final 
Report .  The  theoretical  studies  have  been  concerned  with  incorporating  the 
physics  of  the  reaction  kinetics  theory  in  a  thermionic  electron  transport 
theory  for  predicting  current -voltage  characteristics  .  Note  that  it  is  here 
we  need  the  reaction  kinetics  theory  extrapolated  to  elevated  temperature. 

Up  to  the  present  reporting  period  a  full  transport  theory  including  impor¬ 
tant  non-linear  volume  effects  from  the  reaction  kinetics  theory  has  not  been 
completed  .  Rather,  a  restricted  transport  model  for  thermionic  electrons 
through  a  fission  fragment  plasma  has  been  developed  for  the  case  when  the 

electron  density  was  controlled  by  ambipolar  diffusion  loss  of  the  long-lived 

4  6 

atomic  ions  of  the  trace  species.  ’  In  Volume  II  we  discuss  the  comparison 
between  the  predictions  of  this  diffusion-type  theory  and  the  experimental 
transport  data,  and  also  their  implications  for  a  practical  device. 


2.  OBJECTIVES  FOR  CURRENT  REPORTING  PERIOD 


As  may  be  discerned  from  the  preceding  summary  of  our  past  work,  the 
two  main  objectives  for  the  current  reporting  period  were: 

1)  To  study,  from  a  basic  kinetics  standpoint,  the  nature  of  the  observed 
critical  dependence  of  electron  density  upon  ambient  gas  and  wall  tem¬ 
peratures  in  mixed  gas  plasmas  generated  by  fission  fragments,  particu¬ 
larly  in  argon  seeded  with  cesium,  so  that  the  electron  density  of  such 
a  plasma  in  a  thermionic  electron  transport  tube  could  be  much  better 
predicted . 

2)  To  operate  several  inpile  thermionic  electron  transport  diodes  with 
appropriate  Ar-Cs  fillings,  and  extend  the  theoretical  transport  studies 

include  reaction  kinetic  results,  with  the  purpose  of  understanding 
electron  transport  sufficiently  well  to  enable  us  to  extrapolate  the 
results  to  a  power  reactor  and  thus  assess  the  utility  of  the  fission- 
fragment  scheme . 

The  manner  in  which  we  have  attacked  the  first  objective  and  our  conclu¬ 
sions  are  contained  in  the  present  report  (Vol.l)  and  summarized  below.  Inves¬ 
tigations  pertinent  to  the  second  objective  are  to  be  found  in  Volume  II  (clas¬ 
sified).  Suffice  it  to  say  here  regarding  Volume  II  that  experiment  and  theo¬ 
retical  limits  are  not  in  accord,  yet  the  differences  are,  in  many  ways,  unex¬ 
pectedly  encouraging .  Nevertheless  the  differences  prohibit  extrapolation 
of  our  results  to  a  power  reactor . 

3  .  SUMMARY  AND  CONCLUSIONS  OF  THE  THREE  DETAILED  SECTIONS  OF  THIS  VOLUME 

Section  A.  Reaction  Kinetic  Studies  of  Argon-Cesium  Plasmas.  An  attempt 

was  made  in  argon-cesium  to  account  for  the  sensitive  dependence  of  electron 

density  n  upon  the  ion/atom  or  gas  temperature  T  by,  first,  postulating  the 

1^8  ~ 

significant  production,  at  pressures  of  100  torr,  of  the  heteronuclear  ArCs+ 
ion  both  from  metastable  argon-cesium  collisions  and  associative  reactions 
involving  the  Cs  ion;  and  secondly,  by  postulating  a  highly  temperature- 
dependent  dissociative  reaction,  viz.,  ArCs+  +  Ar  — »Cs+  +  2Ar.  By  incor¬ 
porating  this  additional  reaction  scheme  into  the  existing  reaction  kinetics 


model,  It  was  found  possible  to  fit  well  the  theory  (essentially  a  3-Parameber 
fit)  to  the  experimental  value;?  of  electron  density  over  the  entire  range  of 
gas  temperature,  Cs/Ar  rauio  and  neutron  flux.  However  to  obtain  this  agree¬ 
ment,  a  physically  unrealistic  dissociative  rate  was  persistently  required. 


^s  a  result  we  concluded  that  the  marked  dependence  of  n  upon  T  was  net 

+  e  i,a 

attributable  to  the  ArCs  ion. 

During  the  course  of  this  study,  we  observed  that  to  bring  theory  into 
agreement  with  experiment  at  low  values  of  Cs it  was  necessary  to  reduce 
the  collisional -radiative  recombination  rate  of  Cs+  ions  by  a  factor  of 
about  10.  This  implied  an  electron  temperature  in  the  plasma  notably  higher 
than  the  gas  temperature,  and  we  pursued  this  further  as  outlined  in  the 
next  section. 


Section  B.  Calculation  of  Electron  Temperatures  in  Plasmas  Produced  by 

Fission  Fragments .  We  had  previously  considered  the  electrons  to  be  at  or  very 

close  to  thermal  equilibrium  with  the  ambient  ions  and  atoms,  i.e.  T  siT 

*  e  i  a 

Such  a  notion  arose  principally  from  our  estimates  that  the  high-energy  elec*, 
trons  produced  by  the  fission  fragments  were  rapidly  thermalized  to  ambient 
tempei aturCo .  However ,  in  this  section  of  the  report,  ve  present  a  more  care¬ 
ful  energy-balance  analysis  of  the  energy-relaxation  of  the  fast  electrons 
where  we  found  that  Te=» ^  generally  by  an  important  amount. 

Knowledge  of  the  production  rate,  initial  energy  and  energy-degradation 
rate  of  the  fast  electrons  created  directly  by  the  fragments  was  used  to 
determine  the  energy  input  rate  by  electron-electron  colli  ions  to  the  Maxwel¬ 
lian  electron  swarm  which,  in  turn,  lost  energy  via  elastic  collisions  to  the 
Embient  ions  and  atoms.  For  the  Penning-type  gas  mixture,  the  additional 
source  of  electron  energy  from  the  metastable-ionization  process  was  also 
taken  into  account.  Results  of  the  calculation  for  Ne-Ar  at  90  torr  with 
/ [kc] =10_1+  showed  that  at  low  values  of  neutron  flux  1010cm‘2sec_1) 
and  electron  densities  (— 10^°cm  ~1) ,  the  electron  temperature  was  at  or  near 
the  gas  temperature ,  but  at  high  neutron  flux  (— 10^  ^cm  2sec  ^ )  and  electron 
densities  (—10  cm"-3),  the  electron  temperature  was  higher  than  the  gas  tem¬ 

perature  by  a  significant  amount  (—  500°K).  For  Ar-Cs,  the  calculation  is 
less  complete  because  we  have  not  yet  included  the  electron  energy  lost  to 
excited  cesium  states.  However,  when  this  loss  was  neglected  (approximately 
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. . . 


justified  for  low  [cs] /Nl concentrations)  we  found  that  T  was -u  2000  °K  for 
T.  q-o500°K.  L  J  * 

X  y  Q 

These  findings  made  it  expedient  to  modify  our  reaction  kinetics  anaiysls 
to  include  the  marked  effect  of  the  non-equilibrium  electron  temperature  on 
various  of  the  reaction  rates;  this  is  discussed  in  the  next  section. 


Section  C.  Electron  Densities  in  Fission-Fragment-Induced  Plasmas  in 
Microwave  Cavities .  We  have  brought  together  here  all  the  theories  which  we 
consider  necessary  for  predicting  from  first  principle,  the  electron  density 
in  our  resonant  microwave  cavities .  Also  the  many  digital  computer  codes 
embodying  the  theories,  and  the  methods  for  executing  these  codes,  are 
described  in  considerable  detail. 


The  ion  generation  rate  in  the  plasma  from  fission  fragments  was  com¬ 
puted  from  known  constants  of  the  fission  fragments  and  gases.  The  reaction 
kinetics  theory  for  a  binary  Penning-type  gas  plasma,  and  the  non-equilibrium 
electron  temperature  theory,  were  incorporated  together  into  a  digital  com¬ 
puter  scheme  which,  with  the  aid  of  the  ion  generation  rate  code,  computed  a 
self-consistent  electron  temperature-electron  density  (n  ,T  )  pair  for  a 
point  in  the  plasma .  Since  the  ion  generation  rate  varied  radially  across 
the  cavity,  several  (ne,Tj  pairs  were  next  computed  for  selected  radii  until 
the  radial  dependence  of  ne  was  clearly  established  .  Finally,  with  this 
radial  dependence  of  ng,  and  the  known  radial  dependence  of  the  microwave 
electric  field  probing  the  cavity,  an  integrating  computer  code  was  used  to 
obtain  a  value  of  electron  density  averaged  over  the  square  of  the  electric 
field  <ne>av  for  direct  comparison  with  the  inpile  measured  values  from  the 
Ne-Ar  and  Ar-Cs  microwave  cavities. 


Our  values  of  <ne>av  for  the  Ne-Ar  cavity  ([apJ/LI-IO^),  computed  with 

no  adjustable  parameters,  were  in  excellent  agreement  (within  +  20%)  with  the 

inpile  microwave  measurements  over  the  complete  range  of  neutron  flux 
'  m  J-3  -2  n 


/,  -2  -1\ 

'10  —S5—!0  cm  sec  ).  This  strongly  substantiates  the 


many  ideas,  assump¬ 


tions  and  methods  of  computation  used  to  arrive  at  predicted  values  of  m  . 
We  confirmed  that  the  electron  swarm  temperature  was  as  much  as  a  factor  of&two 


higher  than  the  gas  temperature  at  high  values  of  neutron  flux,  and  furthermore, 
this  non-equilibrium  condition  accounted  in  large  part  for  the  small  observed 


variation  of  ng  with  T^.  Note  also  that  the  computation  yielded  values  for 
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the  density  of  neon  metastables  and  of  the  atomic  and  molecular  ions  of  the 
major  and  minor  gas;  therefrom  we  also  knew,  of  course,  the  total  rateB  at 
which  these  species  interacted  in  the  plasma . 

As  indicated  earlier,  the  proper  calculation  of  <^^>av  for  Ar-Cs,  which 
should  include  the  influence  on  electron  temperature  of  inelastic  losses  to 


cesium,  was  not  completed  in  tine  for  this  report.  Nevertheless,  we  applied 

■  •  >  >  •  ■  ■  ■  -i  i  _  .  .  .  n  -i  T  *.  /"V™  ^ 


the  existing  computational  scheme  to  Ar-Cs  for  a  value  of 


H/[4 


where 


errors  due  to  the  neglect  of  inelastic  cross  sections  are  likely  to  be  small . 


Interestingly,  the  computed  value  of  /n  S  agreed  very  well  with  the  inpile 

[1  -6  '  ^ 

Csj/J^Ar]=10”  where  computed  values  of  Tg  were  — '  2000  °K. 
The  necessary  modifications  to  the  code  to  take  into  account  the  quenching 


effect  on  T  of  inelastic  cesium  cross  sections  (with  possible  significant  pro- 
duction  of  Cs  )  are  outlined . 


4  .  CONCLUDING  REMARKS 

Our  theoretical  work  and  unclassified  experimental  inpile  studies  have 
thus  brought  us  to  the  following  general  position  in  this  field  of  fission- 
fragment-generated  plasmas  for  thermionic  energy  conversion. 

(i) .  A  physical  model  has  been  developed  to  predict  the  electrical 

behavior  of  experimental  non-thermionic  devices  filled  with  either 
a  single  noble  gas  or  a  Penning  type  binary-gas  mixture  and  ionized 
by  fission  fragments .  The  model  includes  detailed  computations  of 
(a)  the  direct  ionization  source  by  fission  fragments,  (b)  the 
interaction  of  the  ion  species  and  metastable  states  among  them¬ 
selves,  with  neutral  atoms  and  with  electrons,  (c)  the  equilibrium 
electron  temperature  in  such  systems,  and  (d)  the  enhancement  of 
ion  density  that  can  accrue  through  suitable  manipulation  of  major 
and  minor  gas  species  densities. 

(ii) .  The  theory  has  been  used  to  compute  electron  densities  for  a  gas 

mixture  consisting  of  neon  with  a  small  admixture  of  argon.  This 
required  detailed  knowledge  of  about  30  atomic  cross  sections  or 
reaction  rate  coefficients  and  no  adjustable  parameters  were  allowed  . 
Experimental  measurement  by  microwave  techniques  of  the  electron  den¬ 
sity  in  tubes  specially  prepared  for  the  purpose  and  filled  with 
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neon-argon  gave  results  In  excellent  agreement  (+20 /0)  with  theory 
over  the  full  range  of  3  orders  of  magnitude  in  neutron  flux .  Thus 
the  general  principles  of  our  theory  appear  valid . 

(iii).  Similar  experimental  and  theoretical  calculations  for  tubes  contain¬ 
ing  argon  with  a  trace  of  cesium  (in  which  the  predominant  ions  are 
Cs+)  gave  less  satisfactory  agreement .  This  circumstance  is  cer¬ 
tainly  attributable  in  part  to  our  less  exact  knowledge  of  all  the 
applicable  basic  cross  sections  and  to  the  fact  that  the  computation 
of  electron  temperature,  which  is  dependent  on  inelastic  cesium  cross 
sections,  is  presently  incomplete.  Nevertheless,  with  argon-cesium 
there  remains  this  important  observation:  the  measured  electron 
density  is  a  very  strong  and  increasing  function  of  gas  temperature 
in  the  microwave  tubes .  As  yet  we  find  no  good  theoretical  basis 
for  such  a  strong  dependence  and  we  snail  be  surprised  if  our  more 
complete  electron  temperature  computations,  presently  under  way, 
offer  a  full  explanation.  We  also  note  here  that  in  an  argon-cesium 
electron -transport  device  at  high  temperature,  theory  and  experiment 
did  not  agree  either . 

(iv) .  A  better  understanding  of  the  behavior  of  the  argon-cesium  plasma 

requires  research  work  in  the  following  areas  of  greatest  uncertainty 
to  determine:  (a)  the  cross  section  for  the  ionization  of  cesium  atoms 
by  argon  metastable  states;  (b)  the  production  rate  of  argon  metastable 
states  from  dissociative  recombination  of  molecular  argon  ions  with 
electrons;  (c)  the  ion  species  present  in  argon-cesium  at  pressures  of 
around  100  torr;  and  (d)  the  interaction  of  argon  ions,  metastable 
states  and  photons  with  cesium  atoms  residing  on  moderately  hot  sur¬ 
faces  .  Ihere  is  a  need  to  know  the  rates  of  these  interactions  as 
functions  of  electron  and  neutral  gas  temperatures  to  assist  in  deter¬ 
mining  the  origin  of  the  strong  dependence  of  electron  density  upon 
ambient  temperatures. 

(v) .  We  emphasize  that  the  fission-fragment  flux  (and  hence  gas  ionization 
rate)  from  the  Ba0-U02-W  thermionic  emitter  is  appreciably  lower 
(e.g.,  by  factors  of  k  to  8)  than  that  from  the  uranium-235  foils  used 
in  the  above  plasma  studies .  This  arises  not  only  from  the  presence 
in  the  thermionic  emitter  of  non-fissionable  materials  necessary  for 
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good  thermionic -electron  emission;  equally  as  important  is  the  fact 
that  the  Ba0-U02-W  emitter  has  to  be  relatively  thick  to  yield  the 
high  temperature  for  thermionic  emission,  and  this  very  thickness 
leads  to  significant  neutron  attenuation  which  depresses  the  neutron 
flux  at  the  emitter  surface  and  thus  reduces  the  fission-fragment 
flow  from  the  emitter  into  the  gas.  In  contrast  the  cool  thin  uranium- 
235  foils  in  our  ion  tubes  and  microwave  cavities  were  largely  opaque 
to  neutrons  and  so  did  not  significantly  depress  the  neutron  flux  at 
the  fission-fragment -emitting  surface.  This  reduction  of  fission 
fragments  for  a  converter  could  be  largely  overcome  by  placing  thin 
uranium-235  foil  on  the  collector;  additionally,  this  leads  "  j  the 
possibility  of  operating  a  pure  thermionic -electron  emitter  which  need 
not  necessarily  supply  any  fission  fragments.  In  fact,  our  final  elec¬ 
tron  transport  tube  (ETT-5)  was  such  a  device  and  its  design  and  con¬ 
struction  is  described  in  the  accompanying  Vol .  II  (classified).  How¬ 
ever,  we  do  not  know  whether  a  layer  of  cesium  (from  the  argon-cesium 
gas  mixture)  on  a  fissioning  uranium-235  surface  at  the  expected  col¬ 
lector  temperatures  of  about  900°K  would  yield  a  collector  work  func¬ 
tion  sufficiently  low  to  make  such  a  scheme  plausible . 
vi .  We  conclude  that  the  utility  of  fission-fragment  generated  plasmas  for 
thermionic  energy  conversion  is  difficult  to  assess  completely  in  this 
report  independent  of  the  classified  inpile  data .  Conclusions  can 
only  be  based  here  on  our  electron  density  studies,  and  our  electron 
transport  theory  which  shows  the  electron  density  distribution 
expected  in  a  thermionic  diode  operating  in  a  diffusion-controlled 
mode.  This  transport  theory  points  to  the  need  of  high  (5 1013cm” " ) 
electron  densities  at  the  collector  sheath-plasma  boundary  in  order 
to  obtain  output  current  densities  (^7-5  A  cm  )  of  practical  interest. 

We  conclude,  on  the  above  basis,  that  a  single  noble  gas  and  the  binary 
mixture  neon-argon  are  not  promising  for  thermionic  conversion  for  the  follow¬ 


ing  reasons: 

Single  noble  gas : 

Neon-argon: 


maximum  electron  density  in  a 
12  -3 

—  10  cm  ;  density  at  sheath 

maximum  electron  density  in  a 
13  -3 

—  10  cm  ;  density  at  sheath 


power  reactor 

13  -3 

«10  cm 


power  reactor 
«=1013cm'3. 
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For  argon-cesium  tubes,  the  prediction  is  more  ambiguous.  Our  theories  imply 

that  argon-cesium  would  yield  electron  densities  and  transport  currents  only 
about  twice  as  high  as  those  in  neon-argon.  However,  we  find  that  our  theo¬ 
retical  predictions  are  often  much  lower  than  the  experimental  results,  and 
because  we  do  not  understand  the  marked  increase  of  electron  density  with 
gas  temperature  observed  in  our  argon-cesium  devices  we  do  not  know  how  to 
extrapolate  our  experimental  argon-cesium  data  to  a  practical  device  in  a 
power  reactor ,  Thus  we  can  offer  no  real  recommendation  of  the  utility  of 
the  argon-cesium  plasma  without  further  basic  work . 

Finally  we  suggest  that  the  generation  by  fission  fragments  of  uniform, 
quiescent,  well-behaved  inpile  plasmas  of  electron  densities  -olO^cm-^  in 
a  power  reactor  may  find  several  practical  applications.  For  example,  the 
electron  densities  and  temperatures  in  argon-cesium  may  prove  useful  for 
inpile  magnetohydrodynamic  schemes  .  Also  it  is  conceivable  that  fission 
fragments  may  be  used  to  generate  inpile  chemical  plasmas  for  the  catalytic 
rearrangement  of  radicals  and  hence  production  of  chemical  compounds . 
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SECTION  A 


REACTION  KINETICS  STUIIEG  OF  ARGON -CESIUM  PLASMA: 


ABSTRACT 


A  reaction  kinetic.',  model  of  arc  n-ecsium  pi  s.na  p  l  to.  a  hotcr-  - 
nuclear  ion,  ArCs+,  whi  -h  participate.-  in  a  highly  temperature -dependent 

reaction  (ArCc+  +  Ar  - *»Cr  +  2Ar) .  Thi  nod  el  piece  -spree'  nfc  with 

experimental  measurement,  of  electron  dcn.  it;;  onl,.  if  (a)  unreal!,  t Lenity 

\ 

large  reaction  cross  sections  are  assumed  for  the  heteronnrl-  -ir  ion,  A rCs 
and  (b)  greatly  reduced  ccllisional  radiative  rceamhi nation  rates  (about 
one-tenth  the  values  reported  for  the  gas  temperature)  are  assumed  for  the 
atomic  ion  Cs"1  .  Therefore  it  is  concluded  that  (a)  the  large  experimentally 
observed  temperature  dependence  of  the  electron  denrit;;  in  tlv  argon-ce:  i  an 
system  cannot  he  attributed  to  the  hcteronuclrar  ion  ArCs  and  (b)  the  elo  •- 
tron  swarm  temperature  is  appreciably  high  r  tha:  the  g-  temperature  to 
account  for  the  reduced  ccllisional  radiative  re  anti  nation  rates. 
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OBJECT 


The  objective  of  these  studies  was  to  fit  the  inpile  microwave  measure¬ 
ments  of  the  electron  density  in  argon-cesium  plasmas  with  our  reaction  kine- 

+ 

tics  theory  modified  to  include  the  heteronuclear  ion  ArCs  . 

CONCLUSIONS 

1.  From  parametric  computer  studies  on  the  argon-cesium  system  with  the  older  reac¬ 
tion  kinetics  model,  it  was  concluded  that  no  reasonable  adjustment  of  any  com¬ 
bination  of  the  22  reaction  rate  coefficients  could  bring  about  a  theoretical 
fit  to  the  experimental  microwave  result.  Only  by  introducing  to  the  model  addi¬ 
tional  volume  or  surface  reactions  with  very  large  thermal  activation  energies 
could  a  fit  be  possible.  A  likely  candidate  appeared  to  be  an  association-disso¬ 
ciation  volume  reaction  involving  a  postulated  heteronuclear  ion, ArCs+, which  par- 
ticipates  in  a  highly  temperature  dependent  dissociation  reaction(ArCs  +Ar-*Cs  +2Ar)  . 

2.  By  assuming  a  temperature  dependence  for  the  dissociation  reaction  of  the  form 
C0  exp“6/(4T/e)  and  by  adjustment  of  two  other  reaction  rates  it  was  possible  to 
obtain  a  fit  of  the  computed  and  experimental  values  for  the  electron  density 
over  the  entire  range  investigated  of  the  three  independent  variables  of  gas 
temperature  (<T  g>av) , cesium  to  argon  ratio(Cs/Ar)  and  neutron  flux(0) . 

3 .  The  fit  was  obtained  with  a  reasonable  activation  energy  of  6=0.74  volts  but 
the  magnitude  of  the  coefficient  (Co=2.4xl0"?cnrsec  j  was  many  orders  of  magni¬ 
tude  higher  than  could  be  expected  on  physical  grounds  and  we  cannot,  therefore, 
attribute  the  extreme  temperature  dependence  of  the  electron  density  in  our 
argon-cesium  plasmas  to  the  presence  of  ArCs  alone . 

4.  In  order  to  fit  the  experimental  data,  particularly  for  low  Cs/Ar,  it  was 

necessary  to  reduce  the  collisional  radiative  recombination  rate  by  a  factor  of 

10.  This  implies  an  electron  temperature  in  the  plasma  appreciably  higher  than 

the  gas  temperature  (T  —<1.5  /T  \  ). 

e  \  gas'av 

INTRODUCTION 

Inpile  microwave  measurements  of  the  electron  density  in  mixed  gas  plasmas 
have,  been  reported  previously.'''  The  measured  electron  densities  in  the  neon-argon 
plasma  agreed  fail  Ly  well  with  predicted  values  from  our  reaction  kinetics  theory 
(l).  The  measured  electron  densities  in  various  argon-cesium  plasmas  also  agreed 
fairly  well  in  magnitude  and  gross  trends  with  this  theory  but  showed  appreciable 
differences  in  the  fine  structure  of  the  data.'1'  As  the  cesium  concentration  in  the 
argon  was  varied  by  changing  the  cesium  bath  temperature  (at  constant  neutron  flux) 
the  electron  density  passed  through  a  maximum  value  as  expected  but  at  a  cesium  con- 
centration  much  lower  than  that  predicted .  Also  an  unexpected  phenomenon  was 
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that  the  electron  density  was  very  sensitive  to  the  temperature  of  the  cavity 
walls.  Several  processes,  additional  to  those  included  in  the  reaction  kine¬ 
tics  equations,  were  considered  in  an  attempt  to  explain  this  anomalous  tem¬ 
perature  variation  of  the  electron  density  but  no  convincing  explanation  was 
1 

found  .  One  of  the  processes  that  had  not  been  included  in  the  original 
reaction  kinetics  equations  but  which  we  thought  might  explain  some  of  the 
anomalous  behavior  was  the  process  involving  the  production  and  destruction 
of  the  heteronuclear  ion,  ArCs  .  It  had  been  concluded,  however,  that  the 
neglect  of  this  particular  ion  would  not  in  itself  account  for  all  of  the 
differences  between  theory  and  experimc  t  .1 

This  ion  (ArCs  )  has  been  observed  in  mass  spectrograph  analyses  by 

1|  c 

Herman  and  Chermak  and  Channin'  but  little  is  known  about  the  reaction 
rates  leading  to  its  formation  or  destruction.  We  had  decided  from  the 
reaction  kinetics  studies  already  carried  out  on  the  Ar-Cs  system  that  evi¬ 
dently  one  (or  a  combination)  of  the  missing  reactions  had  an  extremely  high 

temperature  dependence  —  even  much  higher  than  the  very  important  colli sional 

S  f) 

radiative  recombination  rate  which  varies  as  T"'  .  Therefore  if  the  anoma- 
lous  behavior  was  to  be  connected  to  ArCs  there  must  surely  have  been  some 
production  and/or  destruction  reaction  of  ArCs+  that  was  extremely  tempera¬ 
ture  sensitive. 

Some  association-dissociation  reactions  are  known  to  exhibit  very  sensi¬ 
tive  temperature  dependences .  For  example  with  electron  attachment  and 
detachment  to  molecular  oxygen,  0^,  the  two-body  colli sional  detachment  coef¬ 
ficient  for  02~  increases  from  9xl0"17cm:/sec  at  375 °K  to  1 .4xlO"14cm7/sec 
at  575 °K  where  the  electron  affinity  is  0.U3  eV.7  We  have  already  observed 
that  for  our  microwave  measurements  of  electron  density  versus  (inverse) 
temperature  that  the  data  could  be  fitted  with  the  exponential  function 
n=nQ  exp  [-£/(kT/e)]  with  an  "activation  energy"  £=0.22eV.  It  seemed  hope¬ 
ful,  therefore,  that  we  might  be  able  to  explain  our  results  with  an  associa¬ 
tion-dissociation  reaction  like 

-f*  —-JSSk  4- 

Cs  +  Ar  +  Ar  ^ - ArCs  +  Ar . 

This  report  presents  the  results  of  a  computer  study  to  fit  a  revised 
model  (II)  of  the  reaction  kinetics  (including  ArCs+)  to  the  inpile  Ar-Cs 
microwave  data . 


2 


modified  reaction  kinetics  (II) 

Our  previous  reaction  kinetics  theory  for  a  plasma  generated  by  fission 
fragment  ionization  of  a  Penning-type  gas  mixture  has  been  described  in 
several  previous  reports.  The  equations  for  this  first  model  (i)  are 

the  continuity  equations  (2)  through  (?)  in  Table  l(but  including  only  the 
terms  through  C22)  and  the  charge  neutrality  equation 

ne  -  N+  -  W2+  -  A+  -  A2+  -  (I'IA)+  =  0  (l) 


where 


and 


electron  density 

neutral,  meta stable  excited  and 
non-metastable  excited  state 
densities  of  the  major  gas 


V<2+ 


atomic  ion  and  molecular  ion 
densities  of  the  major  gas 


A  ,A  ,A  =  neutral,  atomic  ion  and  molecular 
0  +  2+  ion  densities  of  the  minor  gas 

(liA)  =  heteronuclear  ion  density  (not 
+  included  in  kinetics  I  model). 


For  a  more  detailed  discussion  of  the  various  terms  in  the  equations^for 
the  first  model  (i)  the  reader  is  referred  to  our  previous  report.  > 

The  modifications  to  the  reaction  kinetics(for  Model  II )  include  a 
generalised  heteronuclear  ion  (NA)+  in  Eq.  1  with  its  rate  Eq.8  (Table  i) 
and  rate  coefficients  to  in  Table  I  •  +  These  will  be  discussed 
next  for  the  specific  heteronuclear  ion  ArCs  in  the  binary  gas  system 
argon-cesium . 
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Reactions  for  Heteronuclear  Ion  (NA)+  =  ArCs 

Very  little  is  known  about  the  heteronuclear  ion  ArCs+ .  The  following 

Table  II  is  a  list  of  those  2-and  3-body  reactions  which  were  considered  as 

+ 

possibly  important  to  the  production  or  destruction  of  ArCs  . 


TABLE  II. 


Possible  reactions  involving  ArCs  . 


Reaction  Rate 
Coefficient 


'23 

1 

'2b 

'25 

:26 

'27 

r1 

'28 


'29 


'30 

1 

'31 


'32 


33 


'31 


Reaction 


+ 

Ar  + 

Cs  +  Ar  — 

- > 

+■ 

Ar  + 

Cs  +  Cs  — 

- * 

Arm  + 

Cr  — 

- > 

Ar+  + 

Cs  — 

- f 

Cs+  + 

Ar  +  Ar  _ 

- > 

Cs+  + 

Cs  +  Ar  — 

- » 

Cs2  + 

Ar  — 

- » 

+ 

ArCs 

+  e“  — 

-v 

ArCs+ 

+  Ar  — 

- 

ArCs+ 

+  Ar  +  Ar  — 

- > 

4* 

ArCs 

+  Cs  — 

- > 

ArCs+ 

+  Cs  +  Ar  — 

- > 

Used 


ArCs  +  Ar 

ArCs+  +  Cs 

ArCs  +  e- 

Yes 

■f 

ArCs  +  Ar 

+ 

ArCs  +  Ar 

Yes 

A rCs+  +  Cs 

Yes 

ArCs  +  Cs 

r  +  Ar 

Yes 

Cs+  +  Ar  + 

Ar 

Yes 

Cs+  +  Ar  + 
Cs^  +  Ar 

Cs+  +  2Ar 

Ar  +  Ar 

Yes 

The  reaction  kinetics  computer  code  (for  the  solution  of  simultaneous  non¬ 
linear  equations)  was  modified  to  include  these  12  additional  terms  as  shown 
in  Table H  but  only  6  of  these  coefficients  were  actually  used  in  the  param¬ 
eter  studies  (the  remaining  6  coefficients  were  set  to  zero  as  discussed 
below).  A  flow  diagram  of  this  kinetics  model  (II)  is  shown  in  Fig.  1  neg¬ 
lecting  the  non-metastable  excited  states  of  argon  (Ar*)  . 


Reaction  Rate  Coefficients 

The  values  of  the  various  argon-cesium  reaction  rate  coefficients  for 

2 

Reaction  Kinetics  I  have  been  presented  before  .  Four  of  these  values  have 

been  updated  as  follows  :  _ _ _ _ _ 

*Changes  of  this  magnitude  (and  larger)  in  the  Reaction  Kinetics  I  coefficients 

(Cq - ^C22)  have  shown  no  appreciable  effect  on  the  temperature  dependence 

c3ne/d)Tgas  and  it  was  precisely  this  absence  of  effect  that  led  to  the  search  for 
another  temperature  dependent  ion . 
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C.  ,  Three-Body  Molecular  Ion  Formation  (Ar+  to  Ar*) :  A  more  recent  value 

A - -  ,(io) 

for  the  conversion  frequency  of  this  reaction  is  v=71  p  sec  which 

yields  a  value  of  C^=6.9xlO  cm  sec"  or  a  value  of  about  1/8  the  previous 
value . 

C  ,  Three-Body  Molecular  Ion  Formation  (Cs+  to  Cc+):  The  previous  cal- 
20  d 

(2) 

culation  of  thi  reaction  rate  from  classical  collision  probability  theory 

was  corrected.  The  new  value  is,  one-third  that  used  previously  or 

„  ,  r  ,,,-31  6  -1 

C.5q=1.6x10  cm  sec 

,  Three-Body  Volume  Destruction  of  Metastable  States:  The  previous 

value  for  the  3-body  destruction  of  argon  metastable  states  by  argon  atoms 
was  determined  by  Phelps  and  Molnar11  v(300°K)=9  P"  •  Somewhat  later  Futch 
and  Grant12  obtained  v(300°K)=13  .5  p2  and  v(77°K)  440  p2.  These  two  points 

were  fitted  by  a  straight  line  on  log-log  paper  to  give  C^=2 .22xlCT2^T“'^^ 

6  -1 

cm  sec 

C^0  (and  Collisional  Radiative  Recombination  for  Cs  (and  Ar"* ) :  A 

detailed  discussion  of  thi.  recombination  process  is  presented  in  Reference  2. 
For  the  collisional  dominated  range  of  interest  here  (T^  f:  1300°K,ne;5  10  ^cm" 
the  following  expression  was  obtained 

C22,  C,  =  2.7  x  10"1  )(250/'Te):  cm°  sec"1 

where  Te  is  the  electron  temperature .  In  the  past  we  have  argued  that  the  hot 
electrons  from  the  primary  fission  ionisation  process  (and  from  the  Penning 
ionization  process)  are  thermali~.ed  in  times  very  short  compared  with  the  time 
for  recombination  and  have  assumed  that  the  effective  electron  temperature  is 
approximately  equal  to  the  average  gas  temperature,  i  .e  .  Tc  <^T  ;as>Q 11 
will  be  pointed  out  later  in  this  report  that  a  fit  to  the  experimental  data 
could  be  obtained  only  if  this  important  reaction  rate  was  reduced  by  a  fac¬ 
tor  of  10.  This  implies  that  the  electrons  are  indeed  hotter  than  the  gas 
but  this  point  will  be  discussed  later. 

For  the  Reaction  Kinetics  II  Model  with  ArCs  it  was  decided  to  try  to 

fit  the  data  using  only  the  following  additional  six  coefficients.* _ 

*For  the  analysis  of  the  argon-cesium  inpile  microwave  data  with  the  Reaction 
Kinetics  theory,  we  used  an  ion  source  rate  (Sq)averaged  over  the  volume  of 
the  microwave  cavity,  fq  was  obtained  from  a  pure  argon  run  on  the  Q00  Ion 
Generation  Rate  Code  as  Sq-<£>4.(r*)^ay/N0-2 .40x10“  ^sec'lf or  a  neutron  flux  of 
<t=l .  'xl '^3cm-2sec-b .  A  calibration  of  the  neutron  flux  gave  <t>=l  .44xlC)13cm~ 
nec"  at  a  reactor  power  of  P=2.0  MW  so  we  have  <(S+(r^)^av-/W0P  1*73x10“ 
sec-^MW"-*- . 
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C,  ,  Penning-type  Production  of  ArCs+  via  Arm:  This  reaction  rate  coeffi¬ 
cient  war  net  equal  to  the  Penning  reaction  rate  coefficient  (i.e.,  Arm+Cs 

- ?•  Ar  +  C.  +  +  e" )  so  C„r  Cn _  4  ^xlO'^cnr  sec~^  •  Some  code  runs  were  made  where 

O  lp 

this  coefficient  was  varied  hut  this  variation  had  little  effect  on  the  over¬ 
all  result . 

H  ,C_0  Production  of  ArCs+  by  3-Body  Attachment:  These  coefficients 
27  2o 

were  arbitrarily  varied  as  described  later. 

C  ^Dissociative  Recombination  Coefficient  for  ArCs+:  This  reaction  rate 
coefficient  was  expected  to  be  large  and  was  set  equal  to  the  dissociative 


recombination  coefficient  for 


i  .e  .  C  .  C  =2 .OxlO"hcm3sec"1 


C  i,C  ,  Dissociation  of  ArCs  by  2-Body  Collisions  with  Neutral  Atoms: 

C  j  is  the  reaction  rate  coefficient  (ArCs++Ar - >Cs++2Ar)  upon  which  most 

of  the  burden  of  the  extreme  temperature  dependence  is  to  be  placed.  C^  is 
set  equal  to  C^^  and  both  are  varied  as  described  later . 

Coefficients  Not  Used :  The  reactions  corresponding  to  the  reaction  rate 
coefficients  C 2_,,  C C0g  and  C 2  ;  in  Table  II  were  not  used  because  it  was 
known  from  previous  reaction  kinetics  studies  tint  over  the  range  of  condi- 

4.  4.  4 

tions  of  interest  the  concentrations  of  other  ions  (Ar  ,  Ar^^  Cs^)  were 
small  compared  to  thf  concentration  of  the  atomic  cesium  ion  Cs+ .  The  3-body 
reaction  corresponding  to  the  rate  coefficient  C ^  was  not  used  since  its  rate 
should  be  small  compared  to  the  2-body  dissociation  reaction  corresponding  to 
the  rate  coefficient  C  ,  where  momentum  can  be  conserved  by  the  third  particle 

31 

produced  in  the  reaction.  The  reaction  corresponding  to  the  rate  coefficient 
in  Table  II  was  not  used  since  both  molecular  ions  are  assumed  to  recom¬ 
bine  dissociatively  at  the  same  rate  (C^  ^C^). 

Diffusion  Coefficients 


The  ambipolar  diffusion  coefficients  for  the  positive  ions  at  a  tem¬ 
perature  T,  °K  are  determined  from  measurements  of  the  ion  mobility  p0+(at 
standard  conditions  of  273°K  and  760  torr)  by  the  expression  1^  =(2kT/e)no+  • 
The  ambipciar  diffusion  coefficient  at  unit  neutral  atom  density  (i.e. 
Da/2.69xl01'3)  and  300°K  is  =1  AxlO1®^  cnT^sec”1  where  pQ+  is  in  units  of 
cm^( volt -sec )-1 .  Values  (K^  to  K^)  of  for  the  ions  Ar+,  Ar2+,  Cs+  and  Cs^ 
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were+derived  in  Reference  2.  The  value  of  Kr  for  the  heteronuclear  ion 
ArCs  was  taken  equal  to  for  Cs2+  .  For  these  studies  the  electron  tem¬ 
perature  was  assumed  equal  to  the  gas  temperature  so  the  variation  of  the 
diffusion  coefficients  with  the  average  gas  temperature  was 


V  <T^  J 


(300°K) 


where  the  temperature  is  measured  in  °K. 


Computer  Code 

The  Reaction  Kinetics  I  code  was  modified  to  include  the  additional 
diffusion  term  Kr  and  the  additional  volume  processes  C  to  C  as  shown 

^  -f  ‘—J  j4 

in  Table  X  for  the  ArCs  reactions  listed  in  Thblo  II .  A  listing  of  the 
Reaction  Kinetics  I  code  had  not  been  published  previously  so  a  listing  of 
the  entire  Reaction  Kinetics  II  code  is  presented  in  Appendix  A.  The  main 


control  program  is  presented  in  Table  A-I .  The  subroutines  NONLIN,  CROUT, 
PUNT,  ITER  and  FINAL  for  the  solution  of  N  simultaneous  non-linear  algebraic 
equations  in  N  unknowns  had  been  coded  by  E.  Stoneking  for  the  IBM  709I+  com¬ 
puter  using  the  double  precision  Fortran  IV  language.1"  The  method  of  func¬ 


tional  iteration  is  used  and  is  equivalent  to  an  N-dimensionul  Newton's 
method  . 


The  subroutine  EVAL  is  given  in  Table  A-II  for  the  N=8  equations  and  the 
various  partial  derivatives.  An  example  of  the  input  to  the  code  is  given 
in  Table  A-III  and  an  example  of  the  output  in  Table  A-IV. 


RESULTS 


The  experimental  microwave  measurements  of  the  electron  density  in 
argon-cesium  plasmas  were  presented  in  the  preceding  ONR  annual  report  for 
1966  together  with  the  computed  curves  from  the  reaction  kinetics  theory  I. 
These  data  are  again  presented  jn  Figs.  2  to  6  where  the  exp  rimentul  data 
are  shown  as  points  and  the  previous  predictions  from  the  reaction  kinetics  I 
model  are  shown  by  the  dashed  curves  .  The  new  curves  from  the  reaction  kine¬ 
tics  II  model  are  the  solid  curves  .  The  steps  required  to  fit  the  rr  w  model 
to  the  experimental  data  will  now  be  discussed  . 
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Reduced  Colllsional  Radiative  Recombination  Rate 

Introducing  the  heteronuclear  ion  ArCs+  to  the  reaction  kinetics  model 
will  tend  to  decrease  the  computed  electron  density.  This  comes  about  since 
most  of  the  production  reactions  of  ArCs+(Table  II )  involve  the  destruction 
f  another  ion.  Only  the  production  reaction  from  the  metastable  argon 
(C25}  Can  Rroduce  a  new  ion  but  this  reaction  competes  with  the  production 
of  the  atomic  ion  Cs+  (C^).  On  the  other  hand  the  dissociative  recombina¬ 
tion  reaction  (C^)  can  be  expected  to  proceed  very  rapidly  which  would  lower 
the  electron  density. 

A  comparison  of  the  experimental  data  with  the  predicted  values  from 
the  kinetics  I  model  for  low  values  of  Cs/Ar  (see  Figs.  2  and  6)  show  that 
the  computed  values  are  as  much  as  a  factor  of  two  too  low.  From  previous 
reaction  kinetics  studies  the  only  reasonable  way  to  affect  such  an  increase 
in  the  computed  electron  density  would  be  to  decrease  the  collisional  radia¬ 
tive  recombination  rate  _  which  implies  an  elevated  electron  temperature* 
in  contrast  to  our  previous  assumption  that  T^^  ^  .  To  obtain  a  fair 

fit  with  the  experimental  data,  the  collisional  radiative  recombination  rate 

was  decreased  by  a  factor  of  10  so  that  the  expression  (for  the  collisional 
dominated  range)  became 

°22>  C3  =  2-7  x  l°'2°(250/<Tgas>  )5cm6  sec'1. 


If  this  reaction  rate  is  written  as  2.7xl0"19(/T  v  /T  x(250/^T  \ 

a  i  §as/av  e  gas'av 

such  that  (<Tgas>av/Te)  =10"  ,  then  T=i  950°K  for  <T  v  =600°K  and  the 

^  av 

effective  electron  temperature  is  about  350°C  better  than  the  gas  atoms. 
Variation  of  ArCs+  Reaction  Rates 

The  primary  reactions  involved  in  the  association-dissociation  of  ArCs+ 
are  the  two  production  reactions 


C27  C 


+ 


+  Ar  +  Ar 


C2q  Cs  +  Cs  +  Ar 


and  the  dissociation  reaction 

C31  ArCs+  +  Ar 


ArCs  +  Ar 
ArCs+  +  Cs 


Cs  +  Ar  +  Ar 


peratureefrom°deSnSt^ieS  des"Jbed  here>  a  computation  of  the  electron  tem- 
F  tie  from  detailed  energy  balance  considerations  by  D .  B.  Rees  showed  the 

temperat^re  *°  be  considerably  higher  than  the  gas  temperature  for 
most  of  our  experimental  conditions  . 
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The  dependence  of  the  concentration  of  ArCs^  on  the  gas  composition  (Cs/Ar) 
is  built  into  the  first  two  production  reactions  and  the  dependence  of  the 
concentration  of  ArCs+  on  gas  temperature  was  built  into  the  last  dissocia¬ 
tion  reaction.  After  some  variation  of  these  reaction  rate  coefficients  a 
fair  fit  to  the  data  was  obtained  with  the  following  values : 

C, 


27 


=  1.0  x  10”^  cm"  sec-1 


„  .  _  ,n-23  6  -1 

C 20  =  1 .0  x  10  cm  sec 

C  =  2.4  x  10”  ^  expf-0 .74/(kT/e)l  cm^sec-1 

-J 

Only  the  magnitude  of  the  first  reaction  rate  (Cg^,)  is  physically  realistic. 
The  second  reaction  is  at  least  one  order  of  magnitude  too  high  since  the 


3-body  gas-kinetic  collisional  rate  of  the  two  neutral  atoms  and  the  ion, 

apart  from  the  probability  of  a  particular  interaction  is  only  about 

1.5  x  10”29  cm^sec-1.  The  leading  factor  of  the  last  reaction  is  many 

orders  of  magnitude  too  large  since  the  2-body  gas-kinetic  collisional  rate 

-9  3  -1 

between  the  ion  and  neutral  atom  is  only  about  7XI'^  cra  sec  •  7t  con¬ 
cluded  from  these  studies  that  the  anomalous  behavior  of  our  argon-cesium 
plasmas  could  not  be  attributed  to  the  presence  of  the  heteronuclear  ion 
ArCs+.  Nevertheless  the  fit  of  the  Kinetics  II  model  (consider  now  as  Ki¬ 
netics  I  model  with  three  additional  adjustable  coefficients)  to  the  experi¬ 
mental  data  was  sufficiently  good  that  the  fit  to  the  data  will  be  described 
next  in  some  detail . 


Fit  of  Kinetics  II  Model  to  Experimental  Data 

In  view  of  the  fact  that  the  magnitude  of  the  ArCs  reaction  rate  coef¬ 
ficients  needed  to  fit  the  experimental  data  were  physically  unrealistic 
these  additional  coefficients  should  henceforth  be  viewed  only  as  adjustable 
parameters  to  aid  in  curve  fitting.  As  will  be  seen  in  the  discussion  to 
follow,  the  fit  to  the  data  is  good  compared  to  the  predicted  values  from 
the  reaction  Kinetics  I  model.  It  i.  beneficial  to  have  a  mathematical 
model  that  fits  the  experimental  data  well  for  purposes  of  analysis  and 
interpolation,  however  without  a  solid  physical  basis  such  a  model  ha.  lit¬ 
tle  extrapolation  value  for  predicting  results  outride  the  range  of  proven 
agreement.  In  these  studies  it  was.  assumed  as  before  that  the  electron 
density  was  uniform  over  the  volume  of  the  microwave  cavity  and  the  computed 
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values  are  those  at  the  center  of  the  cavity.  Later  studies  have  shown  that 
the  electron  density  does  decrease  with  increasing  distance  from  the  center 
along  the  radius  .  This  correction  would  decrease  the  computed  values  by 
about  20%  and  would  require  some  further  adjustment  of  the  rate  coefficients 
to  reestablish  the  present  fit .  The  main  effect  of  this  correction  would  be 
to  decrease  further  the  collisional  radiative  recombination  rate  (C22) 
(increased  electron  temperature).  However,  the  major  conclusions  would  be 
unchanged  since  the  magnitude  of  the  ArCs+  rate  coefficients  were  determined 
more  from  fitting  the  temperature  dependence  of  the  electron  density  (dne/dt) 
rather  than  the  magnitude  of  ng  . 

Effect  on  Electron  Density:  Three  experimental  runs  at  dif¬ 

ferent  constant  values  of  Cs/Ar  hid  been  made  to  establish  the  dependence  of 
the  electron  density  on  the  average  gas  temperature  (i.e.  the  average  cavity 
wall  temperature).  'The  cavity  wall  temperature  variation  was  obtained  by 
varying  the  cooling  gas  flow  rate  to  the  uranium  wall  of  the  microwave  cavity 
and  at  the  same  time  adjusting  the  cooling  flow  to  the  cesium  bath  to  main¬ 
tain  a  constant  Cs/Ar.  These  runs  were  made  at  different  values  of  neutron 
flux  to  obtain  the  maximum  temperature  variation . 

The  experimental  data  and  computed  curves  for  these  three  runs  are  shown 
in  Fig.  2  for  a  low  Cs/Ar=l .0x10  ,  in  Fig.  3  for  a  medium  Cs/Ar =5  .6x10“ ^  and 
in  Fig.  4  for  a  high  Cs/Ar=l .0x10"^ .  For  a  low  Cs/Ar  (Fig .2)  the  modified 
reaction  Kinetics  II  curve  exhibits  a  very  strong  temperature  dependence  in 
agreement  with  the  experimental  data  (and  in  contrast  to  the  Kinetics  I 
curve)  but  the  magnitude  of  the  predicted  values  are  still  somewhat  low. 

This  indicates  that,  at  least  at  low  Cs/Ar,  the  collisional  radiative  recom¬ 
bination  rate  (C22)  could  be  reduced  even  further(indieating  an  ever  higher 
electron  temperature). 

At  a  medium  value  of  Cs/Ar  (Fig. 3),  the  Kinetics  II  curve  for  electron 
density  agrees  well  with  the  experimental  data  in  both  magnitude  and  tempera¬ 
ture  dependence .  The  Kinetics  I  model  predicted  approximately  the  correct 
magnitude  of  the  electron  density  but  the  temperature  dependence  was  too  weak . 

At  a  high  value  of  Cs/Ar  (Fig .4)  the  Kinetics  II  model  again  fits  the 
experimental  data  well  in  both  magnitude  and  temperature  dependence.  In  this 


12 


range  of  Cs/Ar  the  Kinetics  I  model  had  predicted  values  too  high.  Neverthe¬ 
less  even  with  the  reduced  collisionai  radiative  recombination  rate  in  the 
Kinetics  II  model,  the  higher  concentration  of  cesium  produced  more  ArCs 
(via  C^g)  and  therefore  a  greater  loss  of  ions  (via  C^Q)  and  a  smaller  elec¬ 
tron  density. 

Effect  of  Cs/Ar  on  Electron  Density:  Two  experimental  runs  were  made  in 
which  the  Cs/Ar  was  varied  while  holding  the  average  gas  temperature <Tgas>av 
constant.  The  first  run  at  the  lower<Tgas>av=576°K  is  shown  in  Fig. 5  and 
the  neutron  flux  was  0.72x10  °cm  sec  .  The  second  run  at  a  higher  <Tgas)>av 
=644  °K  is  shown  in  Fig  .6  and  the  neutron  flux  was  also  higher  at  I.Mj-xIO^ 

p  "1 

cm  sec"  .  In  both  of  these  runs  the  curve  from  the  Kinetics  II  model  fits 
the  data  much  better  than  that  from  the  Kinetics  I  model.  In  particular  the 
maximum  in  the  curve  of  ng  vs  Cs/Ar  is  shifted  to  a  much  lower  value  of  Cs/Ar 
more  in  agreement  with  the  maximum  in  the  experimental  data . 

Effect  of  Neutron  Flux  on  Electron  Density:  One  experimental  run  was 
made  in  which  the  neutron  flux  was  varied  while  holding  constant  the  Cs/Ar 
at  4.19xlO~^  and  the  average  gas  temperatire<Tgas>av  at  644 °K.  These  data 
are  shown  in  Fig.  7  together  with  the  predicted  curve  from  the  Kinetics  II 
model.  The  part  of  the  curve  for  the  Kinetics  I  model  was  drawn  through  a 
point  taken  from  Fig  6.  The  fit  of  the  Kinetics  II  curve  in  Fig.  7  to  the 
experimental  data  is  good  and  considerably  better  than  that  predicted  from 
the  Kinetics  I  model . 
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APPENDIX  A 

REACTION  hKEHCS'  CODE  II 

TABLE  A-I .  Listing  of  min  program  and  subroutines:  NONLIN,  CROUT,  PUNT,  ITER  and  FINAL. 


•IBFTC  LFM2  FUL  I  S T  , REF  ,  DECK  ,  M94  ,  XR  f  .  00 

C 

<>♦♦♦  REACT i C  N  KINETICS  CCOEIID.JUB  F36 
€*♦♦*  THIS  IS  THE  MAIN  CONTROL  PROGRAM 
DIMENSION  XIAO) 

DIMENSION  TITLEI24) 

LOGICAL  MS  W 
INTEGER  PRINT, RTN 
CUUBLE  PRECISION  X,tPS 
COMMCN  X, MORE , MSW 
N  At-  Ft  I  ST /GUESS/ X,  EPS,  PRINT 
MSw=. FALSE. 

10  READIF, 11  I T I T  LE 

11  FORMAT  I 12A6 ) 

WRITE(6,21)T1TLE 

21  FORMAT!  1 H 1 , 20 X ,  1 2A6/ 2  1  X ,  1  2 A 6 ) 

KEACI 3,GUtSS) 

WR l TEI 6, GUESS  ) 

MCR  E=  1 

20  CALL  NCNLIN(8,X, EPS, PRINT, RTN) 

M  Sw= .TRUE. 

GO  TCI  20,10), MORE 
END 


•I8FTC  NLNL1N  FULIST, REF, DECK, M94,XR7,0D 

r. 

THIS  rs  THF  MAIN  SUBROUTINE  NONLIN 


SUBROUTINE  NONL  lN(N,X,FPS,t$W,L) 

N  i<^  NUMRFR  OF  INOFPENOFNT  VARIABLES  AND  EQUATIONS 
C#***  x  I S  INITIAL  ESTIMATE  OF  ROOT  AND  MtST  HAVE  DIMENSION 
C  *  +  +  *  CALLING  PROGR  AM. 

EPS  IS  ALLOWED  ABSOLUTF  ERROR 
c****  ISW  IS  INTERMEDIATE  OUTPUT  SELECTOR 
r.****  1  FOR  no  JNTFRMFDIATE  OUTPUT 

C.  ****  -»  FOP  INTERMEDIATE  OUTPUT 

)I mfnS I  ON  c I  40 , 4 1 ) , G ( 4 C ) , OF  L T { 4 0 ) , X  1 4  0 )  ,  REX  (40) , T  t 40) 
10) 

DI M  FNS ION  C  YC L E ( 40, 10 ) 

COMMON  X 

OOIJBLF  PRECISION  F  ,  G 

00 URL  F  PRECISION  T  ,  S 

DOUBLE  PRECISION  SSAF  X  ,  SSAFT 

ODUBL  F  PREC  IS  ION  DFTFRM 
RFPS=.0100*EPS 
DO  l  1=1, ?D 


DELT 

BEST 

DABS 


X 

REPS 

CYCLE 


SI  I  )=0.000 
REXI I )=0.0D0 
OFLTI  I  )  =  n.ono 
BEST!  I  )=0.000 
G!  I  )  =  0 . 00 0 
no  }  j=i,?d 
1  F(  I  ,  J )  =  0. DDO 
SS  A  FX  =  ]  .ORB 
SSA  FT  =  0  .00 D 
IC=0 
?  f  SC  =1 
K  =  0 

3  CALL  FVAKF.G) 


N  1NL0001 
NONL 000 2 
N  ONLOOO  3 
NONL  0004 
NCNL00D5 
NGNL0006 
40  IN  NONL0007 

NONL  0008 
NONL  0009 
NONL 00 10 
N0NL0011 
N0NL0012 
S (40) .BEST! 4N0NLG01D 
NONL 00  14 
N0NL001 5 
N  ONL  001 6 
REX  N0NL001 7 

EPS  N0NL001 8 

SSRFX  N  ONL 001 9 

NGNL0020 
NONL  002 1 
NONL  0022 
NONL  002  3 
N0NL0024 
NONL0025 
NONL 002 6 
NONL  002  7 
NONL  002  8 
NONL002  9 
NUNL0370 
NGNL003 i 
N0NL0032 
N0NL0033 
MONL0034 
N0NL0035 
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. . . . . . 
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C.****  x  is  IN  COMMON 
in  17  [=itN| 

1 7  G( i  )=-G( r ) 
oo  loo  i  =  l *  n 
no  f ( i , n ♦  l  )  =  r, { r  i 
on  no  r  =  l .  m 
n  i )  =  f t  i,n 
n  si  n=r,(  r  t 

CALL  CRCIUT  (F  ,N,  1  .DFTFRM.l  ) 

T  F  (  L  .  NFE  .1  )  GO  TO  10? 

CALL  0UMTIL.3EST, IC ,ICfl,N,I TRPT,I SW) 
RFT1IRM 

n7  on  101  1  =  1, N 

10’  OF  L  T(  I ) =F  (  i  ,  ]  ) 

n  on  21  i=i,n 

?1  RPX(  I  1  =  DABS(0FLT(  M/X(  r  n 
SS  A  FT  =  0  .  Of)  0 
on  7^  [=ltN 

■’0  SSAFT=SSAFT+S(  [  )**? 

IF( GSAFT-SSAFX )0A, 7A, 76 

74  on  77  [=l,rvj 

77  REST!  II  =X( n 
SSAEX=SSAFT 

tr  =  ic.  +  i 
7  s  no  n  i  =  i ,  n 

IF  (  R  F  X (  I  1-RPPS )  1’  ,  11  ,17 
11  CONTIMIJE 

)0  25  [  =  1. ,  M 

fc(  S  (  I  )- F  P  S  >  25,  25,17 

75  CONTINUE 
GO  Tn  1  5 

17  IC=IC  +  1 

I F  (  TSW-2  )  13,  14,17 
’I  IF ( fC-100)  15,18,10 

IA  CALL  ITFRIN.IC  ,PFX,S) 
rp  I  IC-l  on  I  18,18,10 

18  nn  70  i  =  i ,  \j 

70  XI  1  )  =  X(  I  1 ♦ 0  F  L  T ( I ) 

JC  =  MDO(  {  TC-  l  )  ,  c  »♦  1 
on  40  r=i,N 
A"  CYCLE!  I  ,  JC.  >  =  X  <  I  I 
Ic(  IC- 5  )  47,41,41 

A7  «  =  I C 

GO  TO  4  7 
41  K  =  5 

48  nn  50  J  =  1 , K 

I  F(  J-JC  (44, 50,44 
44  00  46  I =  1  ,  N 

IF (CYCLE!  I, JC) -CYCLE!  1,0)150,46,50 
46  CONTINUE 

[TRPT=IC-NOn( ( JC-J) ,5) 

L  =  8 

CAL!  °UNT(L»RFST,IC«ICR»N,ITRPT,ISW) 
RFTl/RN 

so  continue 

GO  TO  2 

15  SSRFX  =0.000 
DO  16  I = 1 , N 
X!  n  =  X(  n+OFLT!  I  ) 
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NGNL0036 

N0NL0037 

NGNL0038 

NONL0039 

N ON L  004  0 

NONL0041 

NGNL0042 

NUNL0043 

NUNL0044 

N0NLO045 

NGNL0046 

NONL 004 7 

N0NL004B 

N JNL0049 

N0NL0050 

NCNL005 1 

N ONL0052 

NQNL0053 

NONL0054 

NiJNL  005  5 

NGNL0056 

N ON L  0  05  7 

NONLOOS8 

N GNL 00 5 9 

N0NL0C60 

NUNL0061 

NGNL0062 

N  1NL0063 

N0NL0064 

N0NLC065 

N0NL0066 

NGNL0067 

N  ONL  006  8 

N0NLC069 

NONL0070 

NUNL0071 

N0NL0072 

NGNL0073 

NGNL0074 

N  JNL0075 

N  JNL0076 

NONL  0077 

NGNL0078 

N  GNL  0  07  9 

N JNL0080 

NGNL0081 

NGNL0082 

N GNL  C 08 3 

NONL  0084 

NONL 008 5 

NGNL0C86 

N0NLO087 

NONL0088 

NONL  008  9 

NONL C 090 

N0NL009 1 

N0NL0C92 

NGNL0093 

NGNL0094 


. - . . - 


J 


IS  SSRFX=SSRFX+RFX(  I  1**9  N0NLCC9S 

1PMSW.FQ.1I  GO  TO  101  NJNL0096 

CALL  EINAL(N,SSREX,SSAEX)  NGNL0097 

101  L  =  4  NQNLC098 

RETURN  NGNL  0099 

19  L=9  NGNL0100 

CALL  PUNT(L,RFST,fC,ICB,N,ITRPT,lSW)  NGNlOiOl 

RETURN  N t )NL  0102 

FN  0  NGNL0103 


SIIHROUT  INF  CRHUT  (  A  ,  N  ,  M  ,  OF  TER  M  ,  I  JL  ) 

01MFNSICM  A ( 40 ,41 ) 

DIMENSION  IN0EX<40) 

OOIJ8LF  PRECISION  A  ,  OFT  ,  S  JM  ,  HIGH  ,  DABS 

DOUBLE  PRECISION  SUM  1  ,  DETFUM 

NN=N  +  1 
DFT  =  1  .O0D 
JZ  =N- 1 
J  A  =  N ♦ 1 
00  90  1=1  .  N 
90  INDFXI  11  =  1 

00  900  J  *  1  *  NN 
on  ion  II=1,N 

SUM=0.000 
1= INDEX (II) 

I  F  (  I  f-J  P3,  ">4,  94 
19  I F (  I  I - ]  )  9000,9900,9000 
9000  LI  L L  =  I  I-  l 

no  91  on  K=  1  »  L 1 1  L 
IPPP=IMOFX(K) 

91^0  SGM=SUM  +A  (  I  ,K)*M  T»PP.  J) 

99  90  A (  I  ,J  )  =  ( A( T , J )-SUM) /All , I  I  ) 

Gfl  TO  BOO 

94  I F ( j- 1 >  floor , 9900, Bonn 
ROOO  L 1. 1  L  =  J  -  1 

00  fll  on  K *  1  .  L i  L  L 

I P  P  p  ■=  I M  0  E  X  i  K  ) 

11.0  0  SUM -SUM  f  ft  (I,K1*A([PPP,J| 

A90O  M  f  ,  J  )  =  A  I  l  ,  J  )  -SUM 
flOO  CONTINUE 

IF(J-N)  41,700,700 
41  L  =  TNDFX(.|) 

K  A  =  L 

H  I  GH=  A  {  L  ,  J  ) 

KZ  =0 

00  9fl  I  =  J  ,  J  Z 
JC=  l  +  l 
L=  INOFXUC  ) 

IF(DA3S(HIGHl-DARS(A(L ,J)  ) )  9 A, 39, 35 
94  HI GH=  A ( L  *  J ) 

KA=L 

<7*1 

IS  CONTINUE 

IFIKZ-OI  9400, 931 C, 9400 
9400  OF  T  =- DE  T 

9110  [F(  OABSI  HIGH)- 1  ,0-OS)  11,31  ,9?90 

11  CONTINUF 


N  UNL  010  5 
NONL0106 
NGNLO 10 7 
NCNL0108 
NGNLO 109 
NUNLOll 0 
NUNLOLi 1 
NGNL  01  12 
N0NL0113 
NGNL0114 
N  1NL011  5 
NGNL  0116 
NUNLOll 7 
NUNLOll A 
NUNL0119 
N  JNL0120 
N  JNLD12  1 
NGNL 0122 
NQNL0123 
NGNL 0124 
NGNL  012  b 
N  JNL  01  2  b 
N  )  N  L  0  1  2  7 
NGNL  0 1 2  B 
NGNL  0129 
NGNL  01  3  0 
N  JNL  0 ] 31 
NGNL013? 
N  JNL  013  3 
N  )NL  0  1  3  4 
NGNL 01 3b 
NGNLO 136 
N  1NL01  37 
NGNL01 38 
NGNLO 1 39 
NGNL  0140 
NGNL  0141 
N  JNL  014  2 
NGNL 014 3 
NGNL  D 1 44 
NGNLO 146 
NGNL  0 146 
N  ON  L  0  1 4  7 
NGNL 0148 
NGNL0149 
N0NL01 SO 
N0NL01S1 
NGNLO  IS  ? 


01  77  K=1 ,N 

N0NL0153 

7* 

it 

7^ 

N0NL0154 

I'M  I NOF  X ( K  J- KA  )  77,78,37 

NQNL0155 

77 

CON  T  I NUF 

N0NL0156 

38 

ITEMP=INOEX( J) 

NQNL0157 

I  NO  F  X ( J »  =  INDFX<KK) 

NUNL0158 

INOEXIKK  )  =  I TEMP 

N0NL0159 

70S 

CONTINUE 

NQNL0160 

!F(M»  7ono, 1 orn, ?ron 

N0NL0161 

L-N-l 

NONLO 16  2 

10  79  J  =  J  A  , NN 

NQNL0I63 

LL  =  1 

NJNL0164 

on  47  K  =  l,N 

N  UN  L  016  5 

IF(0ABS(A(K.J)  1 -0. non | 4  7,47  ,4  7 

NGNL0166 

47 

CONTINUE 

NUNL0167 

I  7  =  IN  nr  X  (  N  ) 

N  UNL  016  8 

TF( OARSI A ( 17, Nil- 1.00-07)4 4, 46,44 

NQNL0169 

44 

I J  L  =  1 

NONLO  170 

RETURN 

NONLO 171 

0,0  TO  10 

N0NL0177 

4  S 

A  (  IZ,JI=5. 00900 

NQNL0173 

! 7  7  =  l NOE  X ( N- 1  ) 

MJNL0174 

IP|nABS(A(I7Z, NII-1. 00-04 147,4^,43 

N JNL0175 

47 

A (  1  Z Z  •  J  )  =  7 .  son 

N0NL0176 

LL  =  7 

N0NL0177 

4  7 

00  40  l J  =LL  »L 

N0NL017B 

SUM  1=0,000 

N0NL0179 

I !  =  U-  1J 

NONLO 180 

I = I ND  F  X  (  II  ) 

N  INL0181 

LL  =  II  +1 

NJNL01H2 

00  9700  K=LL,N 

NGNL01  83 

10=  INOEX(K) 

NONLO 184 

-non 

S  HlsS'lMH-AI  I  ,  K  )  *  A  (  10,  J» 

N  UNL  0 1 8  5 

A  (  I  ,  ,J  )  =  A  (  I  ,  J  I-SIJM1 

NONLO 1 86 

40 

CONTINUE 

NONLO 187 

79 

C 1NTINUE 

NUNL  0 18  8 

inno 

0FTFRM  =  1  .non 

NUNLC189 

00  90n  I = 1 , N 

NO NL  0 1 90 

K  =  I  NO  FX (  I ) 

N0NL0191 

900 

QFTPRM  =  oETFPM*A (k  ,  I  ) 

NCNL019? 

oetfrn=oftfrm*dft 

NUNL  0 19  3 

no  400  1=1, N 

NUNL  0 194 

00  400  J  =  J  A  ,  NN 

N  3NL0195 

K  =  l NO  E  X (  I ) 

NONLO 196 

L  =  J  -N 

N0NL0197 

400 

A  (  I  ,  1.  )  =  A(K  ,  J  ) 

NONLO 198 

1  0 

RETURN 

NONLO 199 

FMO 

NQNL0200 
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SUBRTUT INF  PUNT ( t , BFS T , I C , I CB , N , ! TR P T , ISW) 

DIMENSION  X(40)  ,RFST(FO) 

COMMON  X 

DOUBLE  PRECISION  X  ,  BEST 

I E (  TSW.F0.7)  on  TO  ?^r 
on  TO  (  1 »  ?  »  7 )  ,  L 

70^  I F ( L  .  F  Q  .  2  .OR.  L.FQ.7)  GO  TO  ?0 
RFTORN 
1  ICT=[r>l 

WR  ITF  (ft,  7  |  fCT 

1  F0RM4TMH  7 1H  SYSTEM  IS  IN  A  SINGULAR  REGION/  l  H  7  SH  SINGULARITY 
ir.lIRPPIl  ON  ITERATION  14/I.h  2  7H  the  SINGULAR  POINT  FOLLOWS) 

W»ITF  (  ft  ,  A  )  (  X  (  I  )  »  I  =  1  »  N ) 

4  FORMAT!  1H  F  20. B) 

RETURN 

7  WR  I  TF  (6,5)  IC.B 

5  FORMAT{ 1 H  7  7H  NUMBER  OF  I TF RATIONS  EXCEEDS  100/  1H  1 1 H  I TFRAT ION 
1I4.44H  IS  1 F  ST  F  ST  I MA  TF  SO  FAR  AND  IS  3IVFN  BFLOW  ) 

WR  ITF  (ft, 6)  (BEST(  I  ),  1  =  1, N) 
ft  FOR  M  A  T  (  1H  F70.8 ) 

on  p?  i  * i , m 

77  X(  I  ) =  Bp  ST (  I  ) 

RFTURN 

7  WP  ITF  (ft.TOMTRPT.IC 

10  FQR  MAT  (  ]  OH  1  I  TFD  A  T  I  ONS  17, FH  AND  I  0  ,45  H  ARE  I  CENT  I  CAL  INDICATING 
1  CYCLIC  CONDITION. /A"*)!  THE  Br  ST  RESULTS  SO  FAR  ARE  GIVEN  BELOW 
W'RITF  (ft.ft)  <BEST(  I  )  ,1  =  1  ,N) 

7  0  00  21  I  =  1  .  N 
71  X(  I  )=REST(  I  ) 

RETURN 

FNO 


N  GNL  0  20  2 
NGNL0207 
N0NL0204 
NGNL0205 
N0NL0206 
NGNL  0  20  7 
NGNL0208 
NQNL0209 
NGNL0210 
N  JNL0211 
NONL0212 
UCNONL  0  213 
NGNL  0214 
N0NL021 5 
N0NI.02U 
NGNL  02 1 7 
NUNLO210 
N  DNL0219 
NGNL  0  220 
NGNL022  1 
NGNL 022 2 
NGNL  02?  3 
NJNL0224 
N0NL0225 
N0NL0226 
ANGNL  0  2  2  7 
.  )\  JNL022B 
NGNL  0  22  9 
NGNL  0230 
NGNL  0231 
NUNL023? 
NONL  0  7  3  3 


S  IB ROIJT  INF  ITER  IN,  1C  ,RF<  ,  S) 

OIMcnSIQN  X(40)  ,REX (4^)  , S(60) 

COMMON  X 

DO UHL E  PRECISION  X  ,  PEX  ,  S 

W°  ITF  (  ft,  n  IC 

1  FORM  AT  (  l  HO  70H  I  TF  R  AT  T  f  N  CdCNT  IS  13) 

WR  I  TF  (ft,?) 

->  cnR  M  A  T  (  I  El  5  X  ,  5  5H  ESTIMATED  R  10  T  R  T  L  A  T  T  VF  FRROR 

1  FRROR  ) 

WRITE  (ft,7)(X(  f),PEX(I  )»S(I  )  ,  I  =  1  ,  N  ) 

7  c 0 R  M  A  T (  1  H  7F?  0 , 8 ) 

RFTURN 

END 


N  )NL  0  2  3  5 
NJNL0236 
NGNL0237 
NGNL 0  27  B 
N  G  N  L  0  ?  3  9 
N  3NL0240 
NCNLP24  1 
N  JNL074? 

ABSOLUTE  NGNL  0  24  1 
NGNL0744 
NCNLO  ’’45 
N0NL0  24-3 
NGNL 024 7 
N  JNL0248 


SURROUT  INE  F ( NA L ( N, SS» F X , S S AF  X ) 

DIMENSION  X ( 40 ) 

COMMON  X 

OGUBLF  PRECISION  X , S SR E X , S SA F X 
WR  ITF  (  ft,  1) 

1  FORMATHHO  P  5  X  ,  1  ?H  FINAL  ROOT  ) 

WR  I TF  <  ft, 7  )  <  X(  I  )  ,I  =  1,N) 

?  FORMAT! I H  ?OX,D3n.16) 

WR  I  TF  (  ft ,  3  )  SSP E  X 

7  FORMAT!  1H0  10X,38H  SUM  OF  SQUARES  OF  1FLAT1VF  ERRORS  IS  E70.9) 
WRITF  (  ft ,  4  )  SSAF  X 

4  FORMAT!  1H  IDX.BBH  SUM  CF  SQUARES  OF  A7S)LUTF  ERRORS  IS  L20.9) 
RETURN 
FNO 
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N0NL0250 
NGNL 0  ?5 1 
NGNL025? 
NGNL0253 
NGNL0254 
N  )NL  0  2  5  5 
N  JNL  O  25  6 
NUNL0257 
N0NL0258 
NUNL0259 
NGNL  0260 
NGNL  0  26  1 
N  3NL0762 
NUNL0267 
NCNL0764 


. . . . . . .  i'  . . . .  . . mm . mmmmt 


TABLE  A-II 


_Liotiiig  of  subroutine  EVAL . 

_  v  U  ~7  rvn  — —  — - 


FULISr,*Ef,DttK.M<K,XR7.D0 
SUdROUTINE  EVALIP.G) 

’JUBL  E  PR  EC  I S I  UN  X  (  40  )  ,  P I  40 . 4 1  1  ritnk  1  ajcx 

LUMCAt^.'^r  UMlN"'CI3'-'-»U,SI3»L(5|,M.rAO*frtHI6l 
common  x ,  mure  »  m sw 

nA,i,flsI/;fTst“,‘'U’C'K’KM’LA'1'S’TAU'<'MJKt 

1  F  {  I S  )  GO  TO  100 
1 Sw= . TRUE  . 

50  READ!  5,  I(NjPUf) 

WRITE! 6, INPUT ) 

MSw=. FALSE. 

100  IF  <  MS  rt ) GO  TO  50 

fcVA.UATE  FUNCTIONS  AND  PARHALS 
VALUtS  NEEDED  THROUGHOUT 

lamsnu  =  lam#la,m*no 
first  eon 

c.m=x;  ij-a(2)~x<  3)-*(m-M7)-a(0) 


P(l,l) 
PI  1,2) 


=  1.0 
=-1.0 
=- 1  .0 
=  0.0 
=  0.0 
=-1.0 
=-1.0 


PI  1,3 J 

p( 1.4) 

pi  1.5) 

PI  1,6  ) 

PI  1,  7i 
PI  l.-l)=-l  .0 

SECOND  EON 

TEM!  1  )  =M  1 )  /LAMSMJ 

TEMI2)  =  CI4)*NU*1.0l»-10*NU 

TEMIJ)  =  C« 5)*NG*1.0J-10*AU 

TEMI4)  *  C< 23) #N0*i ,0U-10*AU 

TEHlb)  =  CI24|*ACJ*1.OD-1O*A0 

GI2)  =  S(  l)*N0-TEVi  l )  *X  (  2  )  -  X  { 1)*X(2)*(C(1) 
1+C(  2)*Nl>*  l.CU-10  Cl  3)*X(ll*l.ou-lC) 

2-TtM< 4  )-TEM( 5 ) 

PI  2,3)  =  0.0 
PI2.4)  =  0.0 
PI  2. 5  )  =2. 0*c<  7)  *x  I  5) 

P( 2 ,6  )  =  0.0 
PI2.7)  a  0.0 
PI 2,d )  =0.0 
THIRD  eon 

TEM(l)  =  (  C  I  1 )  tC  I  2  )*NU*  1 .  Ou-  10  )  *C(  8) 

TEMI2)  =  C(3)*Ci8|*X|  D  +  1.0U-10 
TEMI3)  =  TErtl  1  ) +TEMI 2) 

-x— - 

PI  3,  U  =  X(  2)*TEM(  1  ) 

1 *2 .0* T  EMI  2 ) *X( 2  I 
PI  3,2 )  =  XI 1) ♦TEMI 3  ) 

P I  3 , 3 )  =  0.0 


P( 3,4  )=-1.0/TAUX-C< 9)*NJ 
P(3,5)  =  0.0 
P(  3,6)  =  0.0 
P( 3 , 7  )  a  0.0 
P( 3,d  )  *  0.0 
C  FOURTH  EUN 

T  E  M  < 1  I =KM/LAMSNO 

TtM(2)  =CC  10I*CC(  1  )  *C  (  2  )*N0*  1.00-10) 

TEM( 3  )  =C(  14)*NO*1.03-10*NU 
TEMC4)  =  Cl 10)*CC 3)*X<1)* 1.00-10 
TEMC5)  =  TEMI  2H-TEM14) 

4  )  =  S  (  3)  *NO-TEM(  l)*Xt5)MEMl5)*Xin*X(2l*Clll)*CC16)*X(3)*XCH 

1—  C  <  12 )*X( 5>*Xl 5)-C( 13 ) *NJ  *X ( 5 )  -  C  I 15) *  AO*x  I  5 )-TEH( 3)*X(5) 

2- CI25  )*AG*X<  5) 

PI  4,  1)=TEM(2)*XC2)*CI li)*Cl  16)*  XI  3) 

1*2 .0*  TfcMC 4 ) *X I  2  ) 

P( 4,2 )  =  TEMI 5 )  *X  ( 1  ) 

P(  4 ,  3 ) - C 1  11 l*C<  16  )*  X I  1) 

P(4,M  =  o.O 

P(4,t  ) = - T  EM ( 1 ) -  2. 0*C  (  12 ) *  X( 5)-C (13) *NO-CI 1 5 ) * AU-T EM < 3 ) -C(  25)* AO 
P( 4,o  )  =  0.0 
P  C  4 , 7  )  =  0.0 
PC 4,6  )  =  0.0 
C  FIFTH  ECN 

T  EM ( 1 )  =  M  2)/LAMSNU 

TE  M( 2  I  =C(4)*NO*l,OD-iO*MU 

G( 5 )=-TEMl 1 l*X{ 31-CC 16 )*X ( 1 l*Xl 3l+TfcM<  2  )  *  X(  2 )  -C  ( 1  7 )  *AU*X  (  3  ) 
1*C(9)*NU*X(4)-CC26I*AQ*X(  3) 

P(5, 1)=-CC  16 ) *  X ( 3  ) 

PC  5,2i  =  TCMI 2) 

PI  5, 3 ) =-TEM( !  )-C(  16 )*X( 1 )-C( 1 7) *AO-Cl 26 )*A0 
P(  5,4  »  =C( 9)*NG 
P( 5,5  )  =  0.0 
PI 5,c  )  =0.0 

P ( 5 , 7  )  =  0.0 
P( 5,8  )  =  0.0 
C  SIXTH  ECN 

TEMI  1  )  =  M  3)  /LAMSNU 

TEM(  2  )  =C  (  16) *C  (  19)  *N0*1.  00- 10+  C(22)*XI1)*1.0D-10 

TEMI3)  =  C I  20 ) * AG* 1. 00- 10*N0 

TEMCM  =  C ( 27 ) *  NO*  1 . 00- 10  *NU 

TEMI5)  =  Cl  26 )*AU*1 .00-10*NO 

TE  MI  6 )  =  CC32)*NO*1.0D-10*NO 

GI6)=-TEM(1)*X(6)-XI1)*X(6)*TEM12)-TEMI3)*X(6)^C( 6)*A0*X( 2 M-C  l 17) * 
1A0*X(  3)  ♦(.(  15  )  *AO*X(  5) 

2-TEMI  4  )  *X  (  6)-TtMl  5)*X(  6  H-CC  31 ) *NU*X I  6 ) * TE M{ 6) *X { 8 ) 

PI  6,1  )  =-x(6»*  (C(18)*C(  19)  *NG*  1. 00-10*2. 0* Cl  22  )*  XC1 )  *1 . 00-  10  ) 

PI  6,2 ) =  C<  6  )*A0 
P  I  6 , 3 ) =  t  (  17 )* AO 
PI  6  » 4  )  =  0.0 

P I  6 , 5 ) =C I  1  5 ) *  A 0 

P(6,h)=-TEM(l)-TEM(2)*X(l)-TEMI3)-TfcM(4)-TEM(5) 

P ( 6 , 7 )  =  C.O 
P  C  6 , 8  )  =  LI  31  )*  TEM'  6) 

SEVENTH  EON 

TEMI 1 )=K(4)/LAMSN0 

T  EMC  2 )  =C(20)*AU*1. 00 -10* NO 
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dl.UJ  liidlllUldM  i 


UMMiAl.HMl*  1— “ . . . 1 . . . kin  id.uiii.iL. 


bJid  ^-“^XmuiuiLili  ulUhJlMHi  auuh,  Jdlmiiuu  Ud  ud.  ■  dnJ  j  ■  m* 


TEMC3I  =  C(  34  )*AU*NQ*1. 0J-10 

G( 7I=-TEM( 1 >*X{ 7)-C ( 21 )*K C 1 |*XC 7)  +  TEH  <  2 )  ♦  X  (  6) 
l-C ( 29 )*NO*X( 7  I +CC  33  )*AU*X (8>  +  TEM( 3 » * X<  S I 
P ( 7 , l ) *-C( 2 1 ) *X( 7  I 
P  t  7 »  ?  I  *  0.0 
P  (  7  »  3  )  =  0.0 
PC7.4)  *  0.0 
P 1  7 , 5  )  =  0.0 
PC7.6)  =  T  EM ( 2  ) 

P<  7, 7)=-TEM( 1 )-Cl 21 )*X( II -C(29I*NG 
P(7«  rf)  *  C< 33)*AO+TEM( 3) 

EIGHTH  EWN 

TEM( 1 )  *  K( 5 ) /LAMSNQ 
TEMC2)  ■  C(23)*AU*N0*1. 00-10 

TEMI3)  *  C(27)» NO *N 0*1. 03-10+ CC28I  *Al)*NQ*  l*  00-10 
TEM(4)  *  C<3i)*N(J+C(33)*AO 

TEMI5J  =  C(32 )*N0*N0*1.03-10+CC 34J ♦ AO*NO* 1 . 0D-10 
G( a )  =  - r EM ( 1)*XI 8) -C ( 30) *X  < i)*X( a] + TEM 12  )*X( 2) +TEM(3)*X(6) 
1+C(  26  )  *  A(J*X  (  3 )  +C  <  29 )  *Nd*A  (7)-TEM{4)*X<6)-TEM(5)*X(8) 
2+CC25 )*A0*X<5) 

PCii, II  =  -C ( 30 ) *X ( ti  ) 

P ( 8*2)  =  TEMC2) 

PC  8  *  3  J  =  C<  26 ) *A0 
P( 3,4)  =  0.0 
P ( 8 »  5 )  =  C ( 2  5 ) *AG 
P( 8,6)  =  TEM  ( 3) 

P ( 8 , 7  I  =  C I  29 ) *NU 

PC  8,  8)  =-TEM(  1  )-C  (  30  )*X  (  1  )-TEM(  4)  -TEM  (5  > 

RETURN 

END 


IA.BLE  A-IXI  ■  Example  of  input  cards  to  computer  cards . _ 

RUN  519.1  TO  519.8  NE  VS  T(GAS>  FOR  A/N=1.00D-6  F=7.25D12 
TEMP  OK  =  300,400, 500.600, 700, 800(1000*1300 
SGUESS  X{  1  ) =3 .  ID  12,8.409, 1 • 5D 1 0 , 1 • 0 , 2 • 48D 1 1 , 3 • 09D 1 2 , 5.8D8 , 33*0 • 0, 
EPS= 1 • OD-6 ,  PRINT  =?% 

SINPUT  l_AV  =  2. 0160-01  .  TAUX= 1 . OOD-06 ,  KM=1,70D18, 

K=  2 . 20D 18,2.70018.2. 90D 18,2*  SOD  18,2, BOD  1 8 , 

S=1 .7400-03,0.000— 03, 0.870D— 03, 

C = 2. 70D- 12,2.500-20, 1 • 080- 1 0 , 6. 80D-22 , 5 • 00D-2 1 » 3. 000-12*5. 60D-1 0, 
1 . ODD— 0 1 ,5.600-12, 1 .OOD-Ol ,5.000-01 , ^.BOD-IO, 1 .20D-15, 1 .30D-22, 
4 .60D-1 0,6. 700-07, 3.000-12,3. 500-12,2.500-20, 1 .60D-2 1 ,p .OOD-06 , 
1 .080-10,0.0.0,0, 

4.600-10,0.0. 1 ,000-24 , 1 .000-18, 

0.0,2.000-6, 1 .000-17,0.0, 1 . OOD- 1 7 , O • 0 , 

A0=2. 900 12, NO* 2. 900 18  % 

S INPUT  K=2.9A0 18, 3.60018,3. 860 18. 3.740 18, 3.740 18,  KM=2» 27018* 

C  (  3  >  =  2  * °0D  —  1  1  ,  C<  22)  =2.900-1  1  *C<  1 4  >  =6 . 000-23 « 

C ( 31) = 1 .200- 14,C ( 33)= 1 .200-14  S 
C 

C  OELETED  RUNS  519.3  THRU  .7 

C 

S1NPUT  C  1 3 ) = 1 »  OOD— 1 3 ,  C ( 22 ) ■ 1 • OOD- 1 3 « C < 1 4 ) =3 .400-24 « 

C  f  3 1  > = 3. 000-08. C( 33 )*3. 000-08, 

K  *9 • 550 1 8 , 1.17019* 1.26019,  1.21D19.1.21D19, 

KM  =  7. 35018.  MORE  *  2  S 
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ITERATION  COUNT  IS  14 

ESTIMATED  kUOT  KELATIVE  ERROR  ABSOLUTE  ERROR 
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SECTION  B 


GECTTON  B 


CALCULATION  OF  ELECTRON  TEMPERATURES  IN  PI  A  SIMAS 
PRODUCED  BY  FISSION  FRAGMENTS 


ABSTRACT 


A  method  of  calculating  electron  temperature.-  in  noble  g as  plasmas  gen¬ 
erated  by  fi scion  fragments  is  presented  .  Knowledge  of  tlv  produ  -tion  rate, 
initial  energy  and  energy-degradation  rate  of  fact  electron,  -rented  directly 
by  the  fragments  is  used  to  determine  the  cn-rgy  input  rate  1:  ole-'trm- 
electron  collisions  to  the  Maxwellian  election  ewarm  whi  -h,  in  turn,  loses 
energy  via  elastic  collisions  to  the  ambient  ions  and  atoms.  For  a  Penning - 
type  noble  gas  mixture  an  additional  though  lose  important  c  uroc  of  electron 
energy  arises  from  the  metastable-ionisation  process,  and  thi  also  ic  taken 
into  a*  count .  Result,  of  the  calculation  presented  for  n  cn  coded  with 
•01%  argon  at  a  total  gas  pressure  f  >0  torr  .how  that  at  low  values  of 
neutron  flux  (~<1010cm  fee"1)  and  electron  densities  (~1  the  cl-  •- 

ti sui  temperature  Is  at  r  near  tl  gas  temperature ,  but  at  high  neutron  flux 
('°101“)cm  fee-1)  and  electron  densities  (~-1012  .n' " ) ,  the  electron  tempera- 
ture  ic  higher  than  the  gar  tenp».  ratarc  by  an  important  amount  (-o  1  °K) 

Tlie  significance  of  thi.  remit  and  if r  influence  or  previoic ■  ampntati  ~>nr 
ic  discussed  . 
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OBJECT 


The  purpose  of  the  present  study  was  to  develop  a  theory  for  calcu¬ 
lating  electron  temperatures  in  fission-fragment-generated  plasmas.  This 
information  is  important  for  evaluating  the  electrical  conductivity  of  such 
plasmas  considered  for  energy  conversion  application. 

CONCLUSIONS 


For  plasmas  generated  by  fission  fragments  penetrating  noble  gases  at 
pressures  of  about  90  torr,  the  energy  input  rate  to  the  electrons  is  suf- 

1-3  _2  -1 

ficiently  high  at  a  neutron  flux  of  10  ^cm  sec  to  maintain  electron  tem¬ 
peratures  at  values  significantly  higher  than  the  gas  temperature.  Thi 
nonequilibrium  situation  accounts  for  much  of  our  observed  temperature 
behavior  particularly  in  the  Ne-Ar  system  where  theoretical  predictions  are 
now  in  excellent  agreement  with  experiment. 

I .  INTRODUCTION 


In  our  previous  studies  on  plasmas  generated  by  fission-fragment  ioni¬ 
zation  of  Ne-Ar  and  Ar-Cs  gas  mixtures"*""^  we  considered  the  electrons  to  be 
in  thermal  equilibrium  with  the  ambient  ions  and  atoms  .  Such  a  notion  arose 
principally  from  our  estimates  that  the  high  energy  electrons  produced  by 
the  fission  fragments  were  rapidly  thermalized  upon  the  cooler  swarm  elec¬ 
trons  which  in  turn  were  quite  closely  coupled  to  the  ion/atom  temperature 

T.  .  Further,  our  reaction  kinetics  analyses  of  Ne-Ar  and  Ar-Cs  plasmas 
i  ,a 

using  electron  swam  temperatures  T  T.  generally  predi  'ted  well  the  mag- 

0  X  j  9. 

nitude  and  trends  of  the  electron  density  measured  in  our  microwave  cavity 
experiments.  Nevertheless,  certain  observed  temperature  effects  are  not 
consistent  with  theory;  in  particular,  the  variation  of  electron  density  ne 
with  cavity  temperature  in  Ne-Ar,  and  especially  in  Ar-Cs,  cannot  be  recon¬ 
ciled  with  our  computations .  This  has  motivated  a  reexamination  of  many 
temperature -dependent  aspects  of  the  reaction  kinetics  system,  such  as  more 

careful  estimates  of  certain  important  reaction  rates,  th*  possible  forma- 

7  8 

tion  of  very  temperature -sensitive  heteronuclear  ions  ’  and  the  validity  of 
the  approximation  T  T.  .  The  present  report  deals  with  this  last  topic. 

0  1  j  9 
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We  show  how  the  electron  temperature  can  be  calculated  from  energy  bal¬ 
ance  relationships  which  start  from  fission  fragment  losses,  and  we  present 

results  for  both  Ne-Ar  and  Ar-Cs  plasmas.  It  is  found  that  Te  =*•  T.  ,  gen- 

i  ,a 

erally  by  an  important  amount .  Typically,  the  electron  temperature  in 
Ne-Ar  is  several  hundred  degrees  above  the  ambient  gas  temperature  of  300- 
!j00°K.  For  Ar-Cs,  the  calculation  is  less  complete  because  we  have  not  yet 
included  the  electron  energy  lost  to  excited  cesium  states;  however ,  when 
this  loss  is  neglected,  we  find  T  — •  2000 °K  for  T.  -o  500°K.  The  significance 
of  these  findings  is  discussed,  and  particularly  noteworthy  is  that  for  the 
Ne-Ar  plasma  all  our  reliable  experimental  values  of  electron  density 
obtained  as  functions  of  neutron  flux  and  microwave  cavity  temperature  can 
now  be  accurately  computed  by  a  detailed  reaction  kinetics  model  which 
takes  into  account  the  elevated  electron  temperature  ?  This  complete  theory 
contains  no  adjustable  parameters . 

In  Section  II  we  discuss  the  manner  in  which  fission  fragments  deposit 
their  energy  in  the  mixed  gas  to  yield  energetic  electrons .  Section  III 
deals  with  the  partition  of  the  energetic -electron  energy  among  the  swarm 
electrons  ions  and  atoms  so  that  the  energy  input  rate  to  the  swarm  elec¬ 
trons  may  be  calculated.  As  shown  in  Section  IV,  this  energy  input  rate  can 
then  be  equated  with  the  swarm  loss  rate  to  determine  the  electron  tempera¬ 
ture  .  Computed  values  of  electron  temperature  for  experimental  values  of 
electron  density  are  reported  in  Section  V.  Finally  we  make  some  concluding 
remarks  in  Section  VI . 

II.  PRODUCTION  OF  ENERGETIC  ELECTRONS  BY  FISSION  FRAGMENTS 


We  discuss  briefly  the  general  characteristics  of  the  fission-fragment 
ionization  process;  then  we  turn  to  some  quantitative  energy  balance  equa¬ 
tions  which  are  appropriate  for  our  purpose . 

(a) .  General  Features  of  the  Fission-Fragment  Ionization  Process 

When  a  heavy  energetic  charged  particle  (such  as  an  a-particle  or  fis¬ 
sion  fragment)  penetrates  a  noble  gas,  it  loses  energy  almost  entirely  by 
excitation  and  ionization  of  the  gas.10  Of  the  primary  ionizing  collisions, 
the  most  probable  are  those  in  which  a  relatively  slow  secondary  electron  is 
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ejected  with  kinetic  energy  smaller  than  the  ionization  potential  of  the  gas.11 
A  fraction  of  the  primary  ionizing  collisions ,  however,  produce  secondary 
electrons  of  relatively  high  energy,  the  so-called  5-rays,  which  produce  fur¬ 
ther  secondary  ionization.  Experimentally,  the  total  ionization  for  single 
noble  gases  is  roughly  3  times  the  primary  ionization;11  and  although  we  do 
not  directly  require  this  knowledge  for  our  subsequent  analysis,  it  is  instruc¬ 
tive  to  use  this  fact  to  estimate  the  fraction  of  the  primary  ionizing  colli¬ 
sions  which  produce  6-rays,  for  example,  in  argon  at  a  pressure  of  100  torr . 

Fi'sioning  atoms  of  2  yield  fission  fragments  that  at  birth  are  con¬ 
ventionally  divided  into  two  median  energy  groups,  viz.,  light  fragments  with 
kinetic  energy  of  98  MeV  and  mass  95  amu,  and  heavy  fragments  with  kinetic 
energy  of  6 7  MeV  and  mass  139  amu.  "  On  the  average,  these  fragments  leave 
the  uranium  surface  and  enter  the  gas  with  about  one-half  their  initial  kin- 
etic  energy,  so  let  us  consider  for  convenience  a  fragment  with  energy  Ef 

of  40  MeV  and  a  mean  mass  of  117  amu.  The  maximum  energy  £  that  this 

r  in 

iragment  can  transfer  to  a  valence  electron  of  mass  m  is  1  ~  |E  which 

e  |_MffJ  rf 

corresponds  to  a  maximum  electron  velocity  Vg  of  twice  the  fission-fragment 
velocity.  With  Eff=40  MeV,  we  find  6^740  eV,  (or  Ve=1.6xl09cm  cec'1).  For 
the  purpose  of  this  simple  physical  picture,  we  do  not  inquire  about  the 
energy  distribution  of  these  8-rnys;  rather  we  take  a  mean  5-ray  energy  of 
around  300  eV  and  calculate  the  number  of  ion  pairs  produced  by  this  5-ray 
ior  argon  at  100  torr.  We  find  that  about  9  ion  pairs  will  be  produced  by 
the  300  eV  5-ray  over  its  range  of  approximately  0.007  cm.  Thus,  since  the 
total  ionization  is  roughly  3  times  the  primary  ionization,  we  conclude  that 
for  every  4  primary  ionizing  collisions  of  fission  fragments  with  the  gas 
atoms,  1  5-ray  is  produced  which  gives  rise  to  about  9  ions  pairs  or  about 
2/3  of  the  total  ionization.  This  is  illustrated  schematically  in  Fig.  1. 

(b )  •  g.norSy  Balance  Relationship  for  Fission  Fragments 

The  total  ionization  produced  by  high  energy  charged  particles  in  gases 
is  generally  measured  by  W,  the  mean  energy  expended  per  ion  pair  produced 
(eV/ip).  W  is  related  to  the  ionization  and  excitation  losses  in  the  fol¬ 
lowing  manner.  For  an  energy  EQ  absorbed  by  the  gas,  there  are  produced 
(ultimately)  singly  charged  atomic  ions  at  an  average  energy  expenditure 

of  E^,  excited  atoms  at  an  average  energy  expenditure  of  E  and  N 

x  i 


Fig.  1.  Schematic  of  high-energy  ionization  processes  induced  by  fission 
fragments  in  argon  at  100  torr .  About  2/3  of  the  total  ioniza¬ 
tion  is  caused  by  the  5-ray. 

subexcitation  electrons  having  average  kinetic  energy  £ .  That  is, 


E 

o 


NiEi 


N  E  +  N.  €. 
xx  1 


We  are  particularly  interested  in  the  value  of  £  possessed  by  these  subexci¬ 
tation  electrons  which,  in  a  single  gas,  lose  their  energy  only  via  elastic 
collisions.  Now  by  definition, 


and  it  is  further  convenient  to  normalize  the  equation  throughout  with 
respect  to  the  ionization  energy  of  the  gas: 


This  equation  has  been  studied  in  detail  by  Platzman.  He  showed 
that  for  the  noble  gases,  the  terms  on  the  right  hand  side  of  the  equation 
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could  be  evaluated  from  information  that  was  independent  of  the  absolute 
measurement  of  W.  Thus  Eq.(l)was  properly  verified.  Platzman  also  found 
that  the  similar  electronic  configurations  of  the  noble  gases  lead  to  terms 
in  Eq.(l)  which  are  constant,  to  within  a  few  percent,  for  all  the  noble 
gases.  However,  Platzman's  results  are  derived  for  a-particles  and  a  slight 
correction  should  be  made  for  fission  fragments  since  the  average  value  of 
W  for  fission  fragments  is  9%  larger  than  that  for  Qi-particles  .  Utterbaek 
and  Miller1^  have  indicated  that  this  larger  value  of  W  for  fission  fragments 
in  argon  arises  mainly  from  an  increase  in  the  ratio  x/N^  .  Thus  when  W 
and  Nx/Ni  are  adjusted  to  fission  fragments,  Platzman's  noble-gas  constants 
for  Eq.(l)  become,  respectively, 

1.82  1.06  +  (0.53)  0-85  +  0.31.  (2) 

Note  however  that  the  value  given  by  Platzman  for  the  subexcitation  electron 
energy  €=0.31  V.  remains  unchanged.  The  quantity  ^-=  1 .06  exceeds  unity 
because  of  the  energy  wasted  in  producing  excited  ions  and  multiple  charged 
ions.  The  single  average  excitation  energy  Ex=0  .85  is  successful  here 
for  the  noble  gases  because  all  excited  levels  lie  fairly  close  to  the  ioni¬ 
zation  limit . 

We  see,  then,  that  about  17%  of  the  total  energy  absorbed  to  create 
an  ion  pair  is  carried  away  by  the  electron  of  average  kinetic  energy  O.3I  Vi 
(i.e.,  1+.9  eV  for  A r,  6.5  eV  for  Ne)  .  This  is  the  average  steady-state 
result  of  the  primary  and  secondary  ionization  processes  discussed  in  our 
previous  section  (Fig.  l)  .  Now  these  subexcitation  electrons  are  produced 
at  a  constant  rate  S+  -  the  ion  generation  rate  -  which  has  been  discussed 
in  detail  in  earlier  reports  S  is  a  function  of  the  density  and  nature 

of  the  gas  N  ,  the  uranium  fuel  load  U,  the  neutron  flux  <t>,  and  the  tube 

geometry  r.  It  follows  that  the  total  production  rate  of  subexcitation  energy 

V  -3  -1 

h  in  eV  cm  sec  is 
bsx 

£sx  =  0.31  V1(Nq)  S+(NQ,U,0,r).  (3) 

So  far,  our  discussion  has  been  concerned  with  single  noble  gases.  Con¬ 
sider  now  two  binary-gas  systems,  viz.,  neon  mixed  with  trace:  :  argon  where 
10”^,  and  argon  mixed  with  traces  of  cesium  where  also  ^  -  [jArJ  <  1  1 
The  trace  gas  in  each  case  is  so  dilute  that  its  direct  interaction  with 
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fission  fragments  and  5-rays  can  be  ignored.  Thus  Eq.(3)  can  be  used  explic¬ 
itly  to  determine  £  for  the  parent  gas  of  each  mixture.  However,  since 
the  two  binary-gas  systems  are  Penning-type  mixtures  *  1  an  additional  ion 
production  source  exists  as  follows: 

Nem(l6-7  eV)  +  A r — »»Ne  +  Ar+  (15.8  eV)  +  e  (0.9  eV), 

Arm(ll .6  eV)  +  Cs  — »-Ar  +  Cs+  (3.9  eV)  +  e  (7.7  eV),  ^ 


where  the  superscript  m  indicates  metastable  states.  Both  these  reactions 

evidently  produce  electrons  with  energy  corresponding  to  the  difference 

between  the  metastable  energy  of  the  parent  gas  V  (N  )  and  the  ionization 

m  o 

energy  of  the  trace  gas  V^(Aq)  .  This  difference  is  very  much  larger  for 
Ar-Cs  than  for  Ne-Ar.  Our  reaction  kinetics  code  for  computing  electron 
density  in  Ne-Ar  and  in  Ar-Cs  plasmas  already  includes  the  rate  at  which 
these  metastable-ionization  reactions  proceed,^  and  is  given  as  C^N^aJ 
where  C^  is  the  appropriate  reaction  rate  coefficient  in  cm^sec  .  Thus 
we  can  write  down  the  production  rate  -Oev  cnf^sec-1)  of  electron  energy 
from  me testable  states  as 


L  -  (w-wl  °i5[nJ[ao]-  (5) 

We  have,  therefore,  a  total  electron  energy  production  rate  of  £ox+bm** 
In  the  Ne-Ar  system  for  which  we  have  completed  our  calculations,^  this 
energy  will  be  dissipated  directly  as  heat  in  elastic  collisions  with  the 
swarm  electrons,  ions  and  atoms.  There  will  be  no  appreciable  excitation 
loss  since  the  first  excitation  level  of  Ar(ll.6  eV)  is  significantly  higher 
than  the  initial  energies  of  the  fast  electrons  (6.5  eV,  0.9  eV) .  For  Ar-Cs, 


much  of 


f 


ev  ^  will  still  be  dissipated  in  elastic  collisions  but  it  is 
sx  m 


also  possible  to  have  excitation  of  the  low-lying  cesium  states  .  Since  we 
have  not  yet  included  this  excitation  loss,  the  present  temperature  results 
for  Ar-Cs  must  be  regarded  as  preliminary.  With  this  in  mind,  we  next  dis¬ 
cuss  the  total  elastic  energy  loss  rate  of  the  fast  electrons  in  order  to 
estimate  the  fraction  F.,  of  c  and  F_,  of  £  lost  to  the  swarm  electrons 

to  yield  a  swarm  energy  input  rate  of  F,  t  +F0  c  . 

Psx 


*Other  possible  sources  of  appreciable  electron  energy  are  ionizing  colli¬ 
sions  between  pairs  of  metastable  or  excited  states,  and  non-ionizing  colli¬ 
sions  of  the  second  kind  between  metastable  or  excited  states  and  slow  elec¬ 
trons  .  However,  we  see  from  our  previous  reaction  kinetics  work  that  for  our 
conditions,  collisions  between  electrons,  metastable  and  excited  states  are  so 
infrequent  that  their  contribution  to  the  total  electron  energy  rate  £  +£ 

can  be  neglected  .  sx  •  m 
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Ill .  ENERGY  INPUT  RATE  TO  ELECTRON  SWARM 


The  energy  loss  rate  by  Coulomb  collisions  of  a  fast  test  particle  injected 
into  a  plasma  has  been  discussed  in  terms  of  relaxation  times  by  various 
authors1®'1^2*"1  who  have  used  both  the  Boltzmann21  and  Fokker -Planck22  colli¬ 
sion  equations.  In  the  present  study  involving  relatively  low  degrees  of  ioni- 
zatiorii-T.  <10"^)we  use  electron-electron  relaxation  times  in  a  simple  manner 
to  determine  approximately  the  transfer  of  energy  from  the  fast  electrons  to 

the  electron  swarm.  ^  ^ 

We  note  first  that  we  have  an  ion  generation  rate  S+^.101  ions  cm  ^sec 
and  an  electron  density  ne~1012cm"3  when  our  Ne-Ar  and  Ar-Cs  microwave  cavi¬ 
ties  are  filled  to  a  pressure  of  about  100  torr  and  operated  in  a  neutron  flux 
of  lxlO1^  neutrons  cm  2sec  1.  Thus  the  average  lifetime  r  of  an  electron, 

»  a.  V 

defined  by  x  =  ^  is  — 10'4  secs.  Now  each  swam  electron  was  initially  an 
energetic  electron  generated  via  the  processes  represented  by  expressions  v 3 / 
and  (5).  We  show  in  the  succeeding  sections  that  under  our  conditions  an  ener¬ 
getic  electron  rapidly  loses  its  excess  energy  and  becomes  a  member  of  the 

-ft 

swarm  in  times  x_  ,  ranging  from  10  to  10  secs.  Furthermore, the  Maxwellian 
fast  po 

relaxation  of  swarm  electrons  by  Coulomb  self-interaction  3  also  occurs  rap¬ 
idly  in  times  x  —  10"^  secs  for  the  electron  temperatures  T  —  1000°K  and 
values  of  n^—10  cm  of  Interest  to  us.  Thus  ’rav3,,;>,T|'as-t+Tee '  means 

firstly  that  we  can  disregard  the  density  of  the  fast  electrons  in  comparison 
with  the  density  of  the  swam  electrons  since  each  electron  spends  essentially 
all  its  lifetime  as  a  member  of  the  swam.  Secondly,  there  is  no  high-energy 
tail  to  the  swam  distribution  function  since  interchange  of  electron  energy 
is  sufficiently  rapid  to  preserve  a  Maxwell-Boltzmann  distribution .  Evidently 
we  can  then  define  the  mean  electron  swam  energy  in  terns  of  a  swam  tempera¬ 
ture,  viz.,  6=3.  kT  . 

Now  if  €  is  the  energy  of  a  fast  electron  from  process  (3)  or  (5),  then 
its  rate  of  energy  loss  under  the  present  circumstances  may  be  approximated  by 


(6) 


for  £**£  ,  where  the  two  terns  represent,  respectively,  energy  loss  rates 

"""  ^ 

to  the  parent  gas  and  to  the  electron  swarm.  is  the  mean  fractional  energy 

o 
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lost  by  the  electron  of  mass  m^  in  collision  with  a  neutral  atom  of  mass 
Mv  vea^^  is  ^he  elec'tron-neutral  atom  collision  frequency  for  momentum  trans¬ 
fer,  and  €  -Ca  is  the  excess  electron  energy  above  the  ambient  kinetic  energy 
Ca=|kTa  of  the  gas  at  temperature  Tq  .  The  quantity  vee(£  )  is  the  collision 
frequency  for  appreciable  energy  transfer  between  the  hot  electron  and  the 
swarm  electrons  and  must  be  carefully  defined  as  outlined  below.  For  electron- 
neutral  atom  loss,  we  have  included  only  the  parent  gas  because  the  concentra¬ 
tion  of  trace  gas  :Ls  always  so  dilute  («0.l7o)  that  its  effect  in  this  regard 
may  be  ignored.  Also  note  that  Eq.(6)  omits  any  electron-ion  loss  since  in 
a  quasi-neutral  plasma  (njcs n^)  the  hot  electron  will  lose  its  energy  much  more 
efficiently  in  collisions  with  electrons  than  with  ions .  The  reason  for  this 
-terns  not  only  from  the  fact  that  on  a  hard-sphere  collision  basis,  equal 
particle  masses  yield  maximum  energy  transfer .  More  importantly,  the  fast 
electron  loses  energy  in  Coulomb  collisions  mainly  by  a  large  number  of  dis¬ 
tant  collisions  (in  contrast  to  close  ones)  where  light  target  particles  such 
as  electrons  can  react  more  rapidly  and  take  away  more  energy  in  a  fixed  inter¬ 
action  time  than  can  the  heavy  ions . 

The  characteristic  or  relaxation  time  for  a  test  particle  to  be  slowed 

down  through  Coulomb  collisions  with  target  particles  has  been  defined  by 
19  20 

Chandrasekar  ’  who  examined  in  detail  the  statistics  of  distant  collisions. 

The  reciprocal  of  this  characteristic  time  for  reduction  of  forward  velocity 
uj  may  be  regarded  as  a  collision  frequency  defined  by 

=  UJ  Vet(u).  (7) 

Here  is  given  as 

o  m 

vet(^)  =  4«ntu>po  (l  +  ”)  In  A  (8) 

*fc 

when  the  singly-charged  target  particles  (sub  t)  have  velocities  much  less 

2 

than  the  velocity  a/  possessed  by  the  test  particle.  The  quantity  p  (=  — _ P) 

is  a  ci itial  Impact  parameter  which  physically  can  be  associated  with  a  90° 
deflection;  A  is  the  ratio^of  the  Debye  screening  length  of  the  field  assembly 
"to  pQ.  If  we  write  ^ijiguJ  =  £  where  €  is  in  electron-volts,  and  consider  a 
test  electron  scattered  upon  an  electron  swarm  at  temperature  Tg,  then  with 
mt=me=m  we  obtain  numerically 
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e -3/2 


vee(^)  =  7-7  x  10“°  ne  c  lnA(Te), 


where  A-1.25xl04Te3//2yne1/2.  However  veg(£  )=2vee(w)  since  by  definition 


but  also  from  Ti3q.  •  ( T ) 

12 

d(  €)  dC?  hwaJ  ) 

dt  at 


€vee(e), 

2 

=  m  u>  vee(u;)  =  t2v>e(tw). 


Thus  we  arrive  at  the  appropriate  value  for  vge(  C)  for  insertion  into  Eq.(6), 
viz ., 


,  ^  ,„-5  r-3/2,  [  1.25  x  1C4  T„3//2  _-l 

vee(e)=1.54xlO?nee  In  | - '  i'/g"  e  )sec  ' 


(9) 


where  n  is  the  swarm  electron  density  cm  3  and  £  is  the  fast  electron  energy 
e 

in  eV.  Note  that  since  the  swarm  temperature  T  appears  only  in  the  slowly 
varying  logarithmic  term,  vge( £  )  is  only  a  weak  function  of  Tg . 

With  all  the  terms  of  Eq.(6)  defined,  we  next  integrate  the  equation 
numerically  to  determine  £  for  various  times  t,  i.e., 


max 


Lea^+Lee^> 


(10) 


where  L  and  L  are  abbreviations  for  the  electron-atom  and  electron-electron 
ea  ee  .  — 

losses.  E  is  the  larger  of  (V  (N  )-V .  (A  )]  or  0.3I  V  (N  )  .  Since  C  is  to 
max  (_moioj  iu  r 

be  determined  and  is  unknown  at  this  time,  a  first  trial  value  of  ce  must  be 
selected.  Furthermore  it  is  necessary  that  £ be  always  chosen  greater  than 
f  ,  at  least  by  a  small  amount;  e.g.,  £a  2  £  +0.001  eV  which  corresponds  to 
about  10 °K  difference  and  is  well  within  the  accuracy  of  the  calculation.  In 
this  manner,  infinitely  long  times  are  avoided  since  Lga  remains  finite  when  the 
energy  integrand  is  taken  to  its  lowest  value  £=  £e  whence  Lge=0.  However, 
with  fast  electron  energies  of  several  eV  and  electron  swarm  temperatures  of 
tenths  of  an  eV,  the  energy  lost  to  the  swarm  is  often  only  slightly  influenced 
by  the  trial  value  selected  for  £  . 

Now  with  €  =  £(t),  the  energy-dependent  collision  frequencies  vge  and  vga 
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are  also  known  as  functions  of  time .  It  follows  that  the  energy  lost  by 
a  fast  electron  to  the  electron  swarm  is 


.  fast 


j  vee(t)  [e(t>  -ee]  at 


where  .  is  the  lifetime  of  the  fast  electron  before  it  becomes  a  member 
fast 

of  the  swarm.  Thus  from  Section  II,  the  total  energy  input  rate  to  the  elec- 

-1 

tron  swarm  in  eV  cm  sec  become. 


mes  _  i 


[et^2>=ee] 


Lx +  FaL  =  s+(k0,u,^?j f V(t)[e  (t).  ee]at+ciMAoj  ’  vee(t)[ir  (t).  ejdt 


[e(o)=o.3i  v.(t:0)] 


[e(o)=Vm(N0)-V1(Ao)].  .  (11) 


IV.  ENERGY  LOSS  RATE  OF  ELECTRON  SWARM 


The  electron  swarm  loses  energy  primarily  by  collisions  of  the  electrons 
with  the  ambient  ions  and  atoms .  For  our  conditions  of  tube  geometry,  gas 
pressure,  and  electron  density  and  temperature,  the  energy  transported  to  the 
walls  of  the  tube  directly  by  electron  diffusion  is  very  much  smaller  than 

dE 

the  energy  transferred  by  the  electrons  to  the  atoms  and  ions .*  Thus  if  - 
is  the  total  energy  loss  rate  of  the  electron  swarm  in  eV  cm  sec  ,  then 
2m  C™  2m 

aE*^  /<£-£*>  vea(f)  f(e)ae  |(e-ea)vel<e)f(e)ae 


dt 


A+ 


(12) 


*The  electron. energy  loss  rate  from  ambipolar  diffusion (|^) .  Is  approximately 


fp  \  £  —  _  ax  diff 

Pjd^ivl  ne  e  where  Di  is  the  ion  diffusion  coefficient  (=&  2cm2sec_1 


_ 

temperatures  for  neon  at  90  torr)  andA2(==0.04  cm^)  is  the  square  of  the  charac¬ 
teristic  diffusion  length  of  our  microwave  cavity.  The  temperature  results 
shown  later  in  Thble  I  for  a  neutron  flux  lxl013gir2sec“1  indicate  T?»1000°K 
(i.e.,  Cp^O.13  eV)  for  Tj_  a=500°K  when  ne=lxl01<icm"3 .  These  data  yield 

££)  si  2xl0^eV  cm"^sec”^.  However,  we  also  see  from  Table  I  that  under 
St 

these  conditions,  the  input  energy  to  the  swarm  from  expression  (3)  only  £geg- 
lec ting  metastable -ionization  contributions)  is  (5.39x10  ?)(5 .ll)=2 .75x10  eV 
cm-3sec~^  which  is  over  a  1000  times  greater  than  that  lost  by  diffusion.  Thus 
we  conclude  that  the  sum  of  volume  electron-atom  and  electron-ion  energy  losses 
are  a  factor  of  more  than  1000  greater  than  the  electron  energy  lost  to  the 
walls  directly  by  ambipolar  diffusion. 


at  room 
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The  first  term  is  the  elastic  electron-atom  loss  rate  where  again  the  only 

elastic-atom  losses  that  need  be  taken  into  account  are  those  to  the  parent 

atoms  of  the  gas  mixture.  The  second  term  represents  electron-ion  losses 

to  the  dominant  ions  which,  at  the  higher  values  of  electron  or  ion  density 
12  -3 

n.^10  cm  ,  are  atomic  ions  of  the  trace  gas  A  .  When  the  ion  density 
falls  to  low  values  (n^~10  cm  and  the  trace  gas  atomic  ion  no  longer 
dominates  so  completely  over  molecular  ions  of  the  parent  gas,  then  ion 
losses  are  no  longer  important  in  comparison  with  the  neutral  atom  losses 


of  the  first  term.  Thus  over  our  regime,  the  two  terms  of  Eq.(l2)  suffice, 
f (  £ )d£  is  the  Maxwell-Bolt zmann  distribution  for  the  number  of  electrons  in 

_  o 

the  swarm  cm  J  with  energy  in  the  range  £  - »€+d£  .  Occasionally,  it  is 


convenient  to  work  with  the  fixed  normalized  distribution  function 

[nix!]-  2.073  y1//2e"  where  y  =  X-  because  1  _* 

L  ne  J  Ci  ne  Lne  J  £e 


can  then 


be  readily  determined  from  the  normalized  distribution  for  the  selected  value 
of  £e  .  Note  that  Eq.(l2)  contains  only  one  kinetic  temperature  JkT.  =  £ 

ZL.  j  3i 

for  both  the  ions  and  atoms  since  the  energy  exchange  between  them  is  so  effi¬ 


cient.  The  electron-atom  collision  frequency  for  momentum  transfer  v  is 

ea 

that  which  appeared  in  Eq.(6)  but  is  now  required  over  a  wider  range  of  elec¬ 


tron  energies.  The  electron-ion  collision  frequency  vgi  is  obtained  from 
Eq.(8),  and  with  m  ccm  becomes 

C  1 


vei(f  > 


=  3-86  x  10'6  n, 


•?/?  I 


The  integrals  of  Eq.(l2)  cause  problems,  however,  for  values  of  Cmuch 
less  than  £  .  The  integrals  diverge  as  £  — »*o  which  stems  from  the  fact 

cl 

that  the  energy  exchange  between  the  electrons  and  the  ions  and  atoms  is 
approximated  by  using  a  distribution  function  for  the  electrons  but  an  aver¬ 
age  energy  for  the  ions  and  atoms.  Accordingly,  Eq.(l2)  states  that  electrons 
in  the  distribution  function  with  values  £  «  £  will  gain  energy  from  the 
ions  and  atoms  but  at  a  rate  which  cannot  be  determined  by  the  integrands . 

Now  although  a  more  rigorous  energy  exchange  formalism  is  properly  required 
to  account  for  the  very  cold  electrons,  we  can  preserve  the  present  simple 
scheme  as  follows  . 

We  consider  that  when  thermal  equilibrium  exists  and  the  electrons  are 
at  the  gas  temperature,  then 
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(€-ta)v(6)  P(-«-)  de  =  -  /(f-  e  )  v(6)F(«£-)dC, 


where  v  is  either  veQ  or  vel .  That  is,  the  energy  gained  by  the  colder  elec¬ 
trons  of  the  swarm  is  balanced  by  the  energy  lost  by  the  hotter  electrons 
of  the  swarm  in  the  well-behaved  integrand  €a  too©.  For  T  we  shall 
still  write  the  electron  energy  gain  as  the  right  hand  side  of  Eq.(l4), 
although,  in  fact,  the  error  involved  by  the  procedure  increases  as  Te-T 
increases.  This,  however,  is  acceptable  since  when  Tg-^  &  is  large  and**** 
the  electron  swarm  loses  energy  rapidly  to  the  ions  and  atoms,  we  can  neglect 
any  electron-gein  correction  in  excess  of  the  gain  at  equilibrium  when 
Te=Ti,a‘  As  Te“^i,a  is  Progressively  reduced,  thereby  decreasing  the  electron 
swarm  loss,  the  electron-gain  approximation  becomes  progressively  more  accu¬ 
rate  as  it  becomes  relatively  more  important .  Thus  we  rewrite  the  two  terms 
of  Eq .  (l2)  as 


dE 

dt=\„ 


<  €  - 


rK-  tf-f a>vea(0 


f<tt>  1 


+  M. 


(f-ea)vel(o 


f(4-) 


r-ke  -/ (f  -f  )v  <(f) 


>(-*-)  1 
Sz-i-te 


Generally  we  find  that  a  satisfactory  upper  bound  for  £=o©isf »  12fe>  after 
which  further  contributions  to  the  integrands  become  vanishingly  small. 

The  above  energy  loss  rate  of  the  electron  swarm  has  to  equal  the  energy 
input  to  the  swarm  given  previously  by  Eq.(ll).  The  unknown  is  the  electron 
temperature  of  the  swarm  £e=-|kTe.  The  procedure,  then,  is  that  for  a  given 
experimental  value  of  electron  density  measured  with  the  microwave  cavity  we 
select  a  trial  value  of  Tg,  and  evaluate  expressions  (ll)  and  (15)  noting 
that  (15)  is  much  more  sensitive  than  (ll)  to  variations  in  T  .  Thus  after 
selecting  a  second  value  of  Tg  which  brings  expression  (15)  into  agreement 
with  expression  (ll),  a  second  value  is  computed  for  expression  (ll).  Only 
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a  few  such  iterations  are  required  to  bring  the  values  of  expressions  (ll) 
and  (15)  into  agreement  with  a  single  value  of  Tg .  An  electron  temperature 
is  thus  calculated  for  an  experimental  value  of  electron  density. 

This  essentially  completes  the  scope  of  the  present  paper.  Further 

3,5 

studies  on  predicting  electron  densities  with  our  reactor  kinetics  theory 
now  modified  to  include  the  present  temperature  calculation  are  mentioned 
in  Section  VI . 


V.  EXAMPLES  OF  CALCULATIONS  AND  RESULTS 


(a)  Values  for  Collision  Frequencies:  We  require  the  electron-neutral 

collision  frequency  v  for  momentum  transfer  in  both  neon  and  argon  for 

ea 

electron  energies  O.O265658  eV-  This  range  has  been  covered  for  argon 

pk 

by  Engelhardt  and  Phelps.  '  However,  for  neon  the  results  of  several  inves¬ 
tigators  have  to  be  combined  and  we  have  used  the  following  data . 

Chen2'*  has  measured  the  energy-dependence  of  the  momentum  transfer 

cross  section  Q  (£)  of  electrons  with  neon  atoms  for  very  low-energy  elec- 
68. 

trons,  viz.,  over  the  temperature  range  200  to  600°K.  The  experiment  involved 
a  microwave  interferometer  to  study  a  decaying  neon  plasma.  The  measurements 
yielded  a  value  for  Q  (6)  consistent  with  the  following  two-term  approxima- 
tion:  -1 


Q  =  I.07  x  10-r7  +  2.17  x  10-l6£2  cm2. 

68 

We  have  used  this  Q  (6)  expression  for  electron  energies  0  .026,5  6";£0  .125  eV 

ea 

as  shown  in  Fig.  2.  Experimental  determinations  of  Q  (f)  for  higher  elec- 

ea  26 

tron  energies  0  .25  <f<l  .0  eV  have  been  reported  by  Gilardini  and  Brown  from 

microwave  conductivity  measurements  in  the  afterglow  of  a  pulsed  discharge; 

their  data  are  also  shown  in  Fig.  2.  The  uppermost  energy  range  25,£«7  eV 

27 

in  the  figure  represents  the  measurements  of  Ramsauer  and  Kollath  who  used 

28 

an  electron-beam  technique  suitable  for  energies  above  1  eV .  The  solid 

curve  of  Fig .  2  drawn  through  the  3  sets  of  data  points  indicates  the  values 

of  Q  ((f)  used  in  the  present  work.  The  resultant  collision  frequency 
68 


ea 


=  N  Q  (5.93  X  lO7^) 
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ea 


sec 
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Fig.  2.  Momentum  transfer  cross  section  of  electrons  with  neon  atoms. 


<  Q  -a 

i  ;  shown  in  Fig •  3  For  a  neon  density  Nq=2. 90x10  cm-  (or  90  torr  at  300°K>, 
which  in  the  density  of  the  gas  in  our  Ne-Ar  cavity  (Ar/Ne-10“  ). 

The  momentum  transfer  cross  section  reported  by  Engelhardt  and  Phelps 
for  electrons  in  argon  was  determined  from  a  numerical  solution  of  the  Boltz¬ 
mann  equation  which  incorporated  trial  momentum  transfer  and  inelastic  cross 
sections.  These  cross  sections  were  then  progressively  refined  by  comparing 
various  experimental  transport  coefficients  with  corresponding  theoretical 
coefficients  obtained  by  taking  appropriate  averages  over  the  distribution 
function.  The  momentum  transfer  cross  section  so  determined  clearly  exhibits 
the  Ramsauer  minimum  as  does  the  derived  collision  frequency  shown  in  Fig. 3. 

1  Q  q 

The  argon  density  of  3 .22*10' cm"  100  torr  at  300°K)  is  the  gas  density  in 
our  Ar-Cs  microwave  cavity. 

For  comparison,  Fig.  3  also  shows  values  of  v  (A  )  and  v  .  (ff )  from  Eqs  . 

IP  ee  ei 

(9)  and  (13)  for  charge  densities  ne=n  =10  cm  "  and  electron  swarm  tempera¬ 
tures  T  of  around  1000 °K.  These  collision  frequencies  are  directly  propor- 
e 

tional  to  n  but  depend  only  weakly  upon  T  via  the  argument  of  the  loga- 

G  G 

rithmic  term.  The  dashed  region  of  the  vee  vs  £  plot  indicates  the  decreas¬ 
ing  validity  of  the  v  expression  as  the  energy  of  the  fart  electron 
^  1  ee 

decreases  towards  the  average  electron  swarm  energy.  However,  much  accu¬ 
racy  is  not  required  in  this  very  low  energy  region  since  energy  transfer 
rates  here  are  no  more  than  very  small  corrections  tc  the  overall  input 
energy  rate  to  the  electron  swarm. 


Example  of  Electron  Swarm  Energy  Gain  and  Lo:  s  Rates : 


example  of  the  temperature  calculation,  we  consider  some  data  obtained 

previously  for  the  7  mm-spacing  Ne-Ar  microwave  cavity  with |Ar]  Ajgl"1  4  and 

|Ne|=  2 .90xl0lficm"^ .  At  a  neutron  flux  of  5xl011cm-2sec‘1  we  computed  from 

our  ion  generation  rate  theory  a  value  of  S  -9*35x10  |NeJ=  2 .71x10  ions 

cm-3sec-1  at  the  center  of  the  cavity  and  a  neon  metastable  density  from  our 

reaction  kinetics  theory'*  of] No  1^1.7x10^  cm  '  .  The  eleetr  n  density  deter- 

11-3 

mined  from  the  change  in  resonant  frequency  of  the  cavity*  was  2x1  cm  . 


*For  the  purpose  of  the  present  example  we  visualize  an  electron  density 
which  is  spatially  uniform  throughout  the  cavity  so  that  the  measured  value 
of  ne  can  be  identified  with  the  values  of  S  and [Ne"1  ( computed  for  the  cen¬ 
ter  of  the  cavity.  To  correlate  properly  our  calculations  with  the  average 
value  of  ne  determined  experimentally,  we  integrate  our  computed  spatial 
dependenceGof  ne  over  the  electric  field  configuration  of  the  cavity  operat¬ 
ing  in  the  IM  mode.  For  full  details,  the  reader  is  referred  to  the  suc¬ 
ceeding  report  by  C.  B.  Leffert  .9 


Fig.  3.  Collis 
of  ele 


Also,  the  average  operating  temperature  of  the  cavity  in  this  neutron  flux 
was  about  400°K.  These  are  approximately  mid-range  values  for  our  experi¬ 
ments  which  span  neutron  flux  values  of  about  1010-1013  cm'2sec_1  and  elec¬ 
tron  densities  of  about  1010  —  3xl012cm'3. 


A  trial  value  of  Tg  has  to  be  selected  in  order  to  evaluate  the  energy 
input  to  the  electron  swarm  given  by  expression  (ll) .  Our  initial  guess 
was  T^-600  K(fe=0.07R  eV);  that  is,  the  electron  swarm  was  taken  to  be  200 °K 
hotter  than  the  ambient  ions  and  atoms  (T^  a=400°K)  at  the  average  cavity 
temperature.  The  final  value  of  Tg,  after  only  1  iteration,  was  close  to 
our  initial  guess,  viz.,  Ta=525  K  (6^=0 .068  eV),  and  the  final  energy  loss 
rate  curves  for  the  fast  electron  (discussed  below)  were  essentially  unchanged 
from  those  initially  computed . 

Figure  4  stjows  (L^+L^)"1  in  sec/eV  versus  €  where  the  electron-atom 
loss  rate  Lea=  jj—-  vga(f )j  f  j,  and  the  electron-electron  loss  rate 

Lee=Vee^'J(£  ~?e  J '  ^  area  under  the  curve  taken  from  the  maximum  fast 

electron  energy  of  6.47  eV  (0.31  V±  for  the  Ne-Ar  system)  to  any  other  energy 
value,  say  represents  the  time  for  the  fast  electron  to  lose  energy  from 
6.47  to  eV.  Thus  we  see  in  Fig.  5  the  energy  degradation  of  the  fast 
electron  as  a  function  of  time  (right  side  ordinate).  Also  shown  are  the 
energy  loss  rates  to  the  atoms  and  swarm  electrons  ;.s  a  function  of  time 
(left  side  ordinate).  Note  that  the  electron-atom  loss  dominates  initially 
but  that  electron-electron  coupling  to  the  swarm  takes  over  after  0.12  jasec  . 
When  6 becomes  very  close  to  fg,  L  falls  precipitously  towards  zero.  How¬ 
ever,  since  Lea  is  still  finite  at  f=€g,  the  height  of  the  peak  in  Fig.  4 

near  €=£  is  also  finite, 
e 

We  can  now  evaluate  expression  (ll)  by  integrating  the  energy  loss 
rates  over  the  lifetime  of  both  the  fast  electron  from  fission  fragments  and 
the  fast  electron  from  metastable  ionization.  The  resulting  partition  of 
energy  is  shown  schematically  in  Fig.  6.  The  two  terms  for  the  total  energy 
input  rate  to  the  electron  swarm  then  become  respectively: 


sx 


+ 


fsL 


s+(3.49)  ♦  c15  [Mm] [aJ  (0.82) 
9-41  x  1011*  +  7.28  x  1013 
1.01  x  10±5  eV  cm'3  sec"1. 


IT 


x  10  (Sec  eV 


Pig.  4.  Reciprocal  of  the  sum  of  electron-electron  and  electron-atom 
loss  rates  in  neon  versus  fast  electron  energy.  .Area  under 
the  curve  represents  the  time  for  fast  electron  to  lose  energy. 
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Energy  Loss  Rates , 


Fig.  5.  Electron-atom  loss  rate,  electron-electron  loss  rate,  ard 
fast  electron  energy  versus  time  for  neon. 
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Electron  Energy  £  (eV) 


Nate  that  the  contribution  to  the  total  energy  input  rate  from  the  metastable- 
ionization  process  is  only  about  7^0  •  While  this  term  is  generally  small  for 
Ne-Ar,  it  becomes  more  important  for  Ar-Cs  since  the  initial  electron  energy 
is  then  increased  from  0.9  to  7.7  eV  (Eq.  (4)). 

The  energy  loss  rate  (eV  cm’^sec"  )  of  the  electron  swarm  for  any  set  of 
values  ne,  Te,  TQ  can  be  immediately  determined  from  expression  (15)  •  For 
the  purpose  of  the  present  analytic  discussion  we  note  the  following  simpli¬ 
fied  procedure  applicable  to  Ne-Ar.  We  find  that  for  electron  densities 
,12  -3 


■3x10  cm 


the  most  important  integrands  are  those  containing  v  , 

60. 


and  this 


means  that  -  ^£/n  Is  nearly  independent  of  ne  .  Thus,  the  electron  swarm 

loss  rate  per  electron  can  be  conveniently  plotted  versus  rwarm  temperature 

for  a  particular  value  of  Ta,  and  we  show  typical  curves  in  Fig.  7-  Such 

curves  once  computed  can  be  used  in  a  general  sense  to  read  off  the  values 

of  Te  which  yield  swarm  loss  rates  equal  to  the  previously  determined  swarm 

input  rates  .  It  should  be  emphasized  that  such  a  procedure  cannot  be  used 

as  conveniently  for  Ar-Cs  since  the  value  of  v  „  is  so  low  around  the  Ramsauer 

minimum  that  v  ,  contributions  (which  depend  on  n  )  are  still  important  even 
ei  ^2 

when  ng  is  less  than  10  cm  J.  However,  there  is  still  no  problem  in  evaluat¬ 
ing  expression  (15)  for  each  chosen  ne,  Te>  Ta • 

We  complete  the  present  example  by  noting  that  the  swarm  energy  input  rate 

per  electron  is  . ^  =5  .1x10^  eV  sec'1,  which  is  also  the  swarm  energy 

loss  rate  per  electron  and  therefore  from  Fig .  7  corresponds  to  an  electron 
temperature  of  about  525  °K  for  the  gas  temperature  of  400°K. 


(c)  Electron  Temperature  Results:  Figure  8  shows  the  results  of  three 
temperature  calculations  for  Ne-Ar  which  span  the  range  of  our  experimental 

data.^  As  input,  we  have  used  values  of  electron  density  of  101(^,  2X1011  and 

12-3  10  11 
10  cm  corresponding  respectively  to  neutron  flux  values  of  10  ,  5x10 

13  -2  -1 

and  10  cm  sec  .  The  average  cavity  temperature  rose  with  increasing  flux 
and  was  in  the  neighborhood  of  300,  400  and  500°K  respectively.  We  see  that 
at  low  flux  values,  the  electrons  are  essentially  in  equilibrium  with  the 
atoms,  but  as  the  flux  increases,  the  electron  temperature  increases  faster 
than  the  ambient  temperature  reaching  a  distinctly  non-equilibrium  value  of 
about  1000°K  at  0^1x10^  neutrons  cm'^sec"1. 
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The  main  reason  for  this  can  be  extracted  from  the  data  shown  in  Table  I.  As 
ne  increases  by  a  factor  of  100,  the  dominant  electron-electron  energy  coup¬ 
ling  into  the  electron  swarm  (Column  5)  increases  by  a  factor  of  around  ^our, 
and  more  importantly,  the  ion  generation  rate  (or  flux)  increases  by  a  factor 
of  1000 .  Thus  the  energy  input  to  the  swarm  has  increased  by  a  factor  -u  4000 
which  is  significantly  larger  than  the  increase  in  the  number  of  electrons 
which  share  this  energy.  It  is  expected,  therefore  that  the  electron  tempera¬ 
ture  will  rise  with  0  over  ohe  range  of  parameters  . 

We  have  performed  a  similar  calculation  for  the  Ar-Cs  system  with 
Cs]  ^Arl  =1°  S  =1. IjxlO^cni  ^sec"^  (at  0=1x10^  neutrons  cnT^sec"1  and 

Ar]  =3  .42xl0^cm  ^),  T  ~600°K,  and  a  selected  value  for  n  of  l(42cm~^.  As 
i*  -  g  e 

referred  to  earlier,  no  attempt  was  made  here  to  modify  the  procedure  to 
include  the  important  low-lying  excitation  and  ionization  cross  sections  of 
cesium  which  are  expected  to  be  important  energy  loss  sinks  for  the  fast 
electrons.  Thus  with  elastic  losses  only,  we  find  that  Te23  2200°K  or  fe^0.29eV 
which  places  the  average  swarm  energy  right  in  the  region  of  the  Ramsauer  min¬ 
imum  (Fig.  'j)  where  the  swarm  cannot  lose  its  energy  very  rapidly.  However, 
we  expect  that  the  inclusion  of  inelastic  cross  sections  will  appreciably 

depress  the  swarm  temperature  (at  the  same  time  possibly  increasing  n  )  from 

0 

the  value  given  above . 

VI.  SIGNIFICANCE  OF  RESULTS  AND  FURTHER  STUDIES 


The  values  of  Tg  presented  here  for  gas  pressures~»90  torr  show  that 
although  a  thermal  equilibrium  approximation  T  sd T.  is  adequate  for  the 

^  1  y  Q. 

lower  regions  of  neutron  flux  0,  such  an  approximation  breaks  down  for  values 
of  0SJ1O  3 cm-  sec"  where  T  *T  -^500°K  for  the  Ne-Ar  system.  It  is  of 
interest  to  compare  this  finding  with  the  recent  inpile  radiometric  electron- 
temperature  measurements  of  Bhattacharya,  Verdeyen,  Adler  and  Goldstein. 

For  a  radiation -induced  plasma  in  pure  neon,  these  authors  report  that  at 
p=60  torr,  T  =800%  but  for  p=90  torr,  T  437 °K .  Values  of  T  at  higher 

pressures  could  not  be  determined  because  of  background  microwave  noise  prob¬ 
lems  but  Tg  was  considered  to  be  ■«525°K  and  essentially  at  the  gas  tempera¬ 
ture,  i.e.,  independent  of  reactor  power.  However,  it  is  difficult  to  draw  a 
close  comparison  between  these  results  and  our  own  because  these  workers  did 
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not  measure  directly  or  calculate  their  value  of  ionization  rate  S  .  Further¬ 
more,  the  experimental  conditions  were  importantly  different.  In  the  Univer¬ 
sity  of  Illinois  study,  the  gas  ionization  resulted  from  high-energy  electrons 
produced  mainly  by  ^-photons  from  a  reactor  pulsed  to  peak  powers  —  250  MW 
and  so  S+  depended  not  only  on  the  gas  but  also  on  the  nature  of  the  container 
walls.  Even  so,  we  note  that  a  reactor  power  pulse  which  is  —100  times  that 
used  in  our  steady-state  study  (2  MW)  would  tend  to  bring  the  y-ionization 
source  up  to  the  level  of  our  fission  fragment  source  (our  S+(fission  fragments,)/' 
s +(r)  is— 100)  which  may  account  for  the  similarity  between  the  Illinois  tem¬ 
perature  data  at  60  torr  and  the  present  results  at  90  torr .  However,  much 
more  information  regarding  the  detailed  nature  and  energy  balance  of  the  pri¬ 
mary  ionization  processes  is  required  for  the  experiments  of  Bhattacharya  et  al., 
before  meaningful  electron  temperature  calculations  from  first  principles  can 
be  undertaken  for  their  experimental  conditions  . 

The  increase  in  the  non-equilibrium  value  of  Te  with  <p  is  important  to  us 
from  the  standpoint  of  our  reaction  kinetics  equations^  for  predicting  elec- 

7 

tron  densities.  In  the  previous  report  by  C .  B.  Leffert,  which  was  primarily 
a  study  of  matching  the  reaction  kinetics  equations  to  the  experimental  Ar-Cs 
data  by  postulating  the  existence  of  ArCs+,  it  was  found  not  only  that  ArCs+ 
was  an  unlikely  cause  of  discrepancy  between  theory  and  experiment,  but  also 
that  an  elevated  electron  temperature  appeared  to  be  a  n-cessary  condition  for 
good  agreement  since  the  role  of  collisional-radiative  recombination  needed  to 
be  reduced  by  a  factor  of  about  10.  Thus  with  the  present  results  of  elevated 
electron  temperature  we  expect  better  agreement  between  theory  and  experiment 
in  Ar-Cs . 

With  respect  to  the  results  on  Ne-Ar  reported  here,  we  emphasize  that 
experimental  values  of  electron  density  were  used  as  input  to  the  equations 
that  yielded  values  for  T  .  In  this  manner,  the  elevation  of  Te  above  ambient 
was  first  clearly  established  .  However,  we  can  now  remove  this  mix  of  experi¬ 
ment  and  theory  and,  from  first  principles,  calculate  an  average  electron 
density  for  comparison  with  experiment .  A  program  for  the  simultaneous  solu¬ 
tion  of  n  and  T  at  a  point  in  the  plasma  (written  in  FORTRAN  VI  for  the  IM 
e  e 

709I+  computer)  is  used  to  compute  the  radial  dependence  of  electron  density 
in  the  cavity.  With  an  additional  computer  program  and  using  well-known 
microwave  theory,  the  electron  density  is  then  averaged  over  the  square  of  the 
electric  field  in  the  cavity  to  yield  computed  values  (with  no  adjustable  param¬ 
eters)  that  can  be  compared  directly  with  the  values  of  ng  determined  from 
Inpile  experiments.  The  results  of  these  studies  are  reported  by  C.  B.  Leffert" 
in  the  following  report. 
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SECTION  C 


SECTION  C 


ELECTRON  DENSITIES  IN  FISSION-FRAGMENT-INDUCED 
PLASMAS  IN  MICROWAVE  CAVITIES 

ABSTRACT 


The  ion  generation  rate  theory,  the  reaction  kinetics  theory  and  the  non¬ 
equilibrium  temperature  theory  for  a  noble  gas  plasma  ionized  by  fission 
fragments  are  combined  here  in  a  single  theory  for  predicting  from  first 
principles  the  electron  density  at  a  point  in  the  plasma  using  digital  com¬ 
puter  techniques .  The  ion  generation  rate  in  the  plasma  is  computed  from 
known  constants  of  the  fission  fragments  and  gases  .  The  reaction  kinetics 
theory  for  a  binary  Penning -type  gas  plasma  and  the  non-equilibrium  electron 
temperature  theory  are  incorporated  into  a  digital  computer  scheme  which 
computes  a  self-consistent  electron  density-electron  temperature  pair  (n  ,T  ) 
for  a  point  in  the  plasma.  The  radial  dependence  of  the  electron  density  in 
a  microwave  cavity  is  obtained  using  input  values  of  the  ion  generation  rate 
as  computed  from  the  fission  fragment  flux  penetrating  the  gas  at  various 

points  within  the  cavity.  Finally,  with  this  radial  dependence  of  n  ,  and 

©  7 

the  known  spatial  dependence  of  the  microwave  field  probing  the  plasma,  an 

integrating  computer  code  is  used  to  obtain  a  value  of  the  electron  density 

averaged  over  the  square  of  the  electric  field  <n  \  for  direct  comparison 

®  av 

with  th©  inpile  measured  values  from  the  ITe-Ar  and  Ar-Cs  microwave  cavities • 

The  values  of  <ne>av  for  the  Ne-Ar  cavity  (  [Ar]  /  [Nej  =10”^),  computed  with  no 
adjustable  parameters,  agreed  well  (within  +20%)  with  the  inpile  microwave 
measurements  over  the  complete  range  of  neutron  flux  studied  (l01°S4><101^cm-2sec''1). 
Also  the  electron  swarm  temperature  in  Ne-Ar  was  found  to  be  as  much  as  a  fac¬ 
tor  of  two  higher  than  the  gas  temperature  at  the  higher  values  of  the  neutron 
flux  (<t>— ^1.5x10  cm  sec  ).  This  non-equilibrium  condition  explains  in  large 
part  the  experimental  insensitivity  of  the  electron  density  in  Ne-Ar  to  varia¬ 
tions  in  the  average  gas  temperature.  The  computed  values  for  argon-cesium 
agreed  well  with  the  inpile  microwave  data  for  low  values  of  jcs|  /  [Ar]  (~10-^) 
but  the  computed  values  were  much  too  high  for  higher  cesium  atom  concentra¬ 
tions  (  jbs]  /  (Ar]jj  5x10  )  .  Hiis  behavior  was  expected  since  the  theory  does 

not,  as  yet,  include  terms  necessary  to  account  for  inelastic  collisions  of  hot 
electrons  with  the  easily  excited  cesium  atoms  .  Modifications  to  the  codes  are 
outlined  to  take  into  account  the  inelastic  collisions. 
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OBJECT 


The  first  objective  for  these  studies  was  to  use  digital  computer  tech¬ 
niques  to  incorporate  into  one  overall  computational  scheme  our  theories  for 
(a)  ion  generation  rate,  (b)  reaction  kinetics,  (c)  non-equilibrium  electron 
temperature,  and  (d)  the  existing  theory  for  resonant  microwave  cavity  response 
so  that  the  electron  density  in  our  fission- fragment-generated  noble-gas 
plasmas  could  be  predicted  from  first  principles.  The  second  objective  was 
to  compare  the  predicted  electron  densities  to  the  experimental  values  meas¬ 
ured  in  the  reactor  with  our  Ne-Ar  and  Ar-Cs  filled  microwave  cavities . 


CONCLUSIONS 


CCMPARISON  OF  THEORY  AND  EXPERIMENT 
1 


Theoretical  values  of  the  average  electron  density  <ng>  for  the  Ne-Ar 
cavity  (  ArJ  /fNej  =10"  ),  computed  with  no  adjustable  parameters,  were  in 
excellent  agreement  (within  +20%)  with  the  inpile  microwave  measurements 


.  -2  -lv 

<J>S.lo  cm  sec  ). 


over  the  complete  range  of  neutron  flux  studied  (lO10' 

2.  The  electron  swarm  temperature  in  Ne-Ar  was  found  to  be  as  much  as  a  factor 
of  two  higher  than  the  gas  temperature  at  the  higher  values  of  the  neutron 
flux,  and  this  non-equilibrium  condition  explains  in  large  part  the  experi¬ 
mental  insensitivity  of  the  electron  density  in  Ne-Ar  to  variations,  in  the 
average  gas  temperature . 

1 .  The  computed  values  of  average  electron  density  Vn  }  for  the  Ar-Cs  cavitv 

e'av 

agreed  well  with  the  inpile  microwave  measurements  at  the  lowest  value  of 
-6 ' 


Cs 


/ 


A r 


L  |  ■  |_  j  (  — 10  )  tut  the  computed  values  were  much  too  high  for  higher 

cesium  atom  concentrations  ( [cs]/[Ar]  -  5x10”'  )  because  the  theory  does 
not,  as  yet,  include  terms  necessary  to  account  for  inelastic  collisions 
of  hot  electrons  with  the  easily  excited  cesium  atoms  . 


COMPUTER  TECHNIQUES 

4.  The  simultaneous  solution  of  the  reaction  kinetics  theory  (n  =n  (T  ))  and 
the  electron  temperature  theory  (Te=Te(ne))was  successfully  accomplished 
with  an  iteration  procedure  operating  on  computer  codes  for  each  to  con¬ 
verge  on  a  self-consistent  value  for  the  (n  ,T  )  pair.  Tie  FORTRAN -IV 

G  C 

program  for  this  code  required  about  23,000  cells  of  core  storage  (IBM  709)1) 


1 


but  the  running  time  was  quite  short,  viz.,  about  1  minute  for  a  problem 
needing  11  solutions  for  (n  ,Tp). 

.  The  radial  dependence  of  the  electron  density  in  the  microwave  cavity  was 
computed  and  coupled  with  the  known  spatial  dependence  of  the  microwave 
field  to  obtain  the  electron  density  averaged  over  the  square  of  the  elec¬ 
tric  <n J>  for  direct  comparison  with  measured  values  from  the  inpile 

av 

microwave  cavities  . 
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LIST  OF  SYMBOLS 


SYMBOL 

FORTRAN  NAME 

DESCRIPTION  • 

Thy.  Leal 

Constants 

8  -1 

c 

KC 

Speed  of  light,  2.99793x10  m  sec 

0 

Q 

Charge  of  electron,  1.60210x10  Coulomb 

€n 

KP 

Permittivity  of  free  space,  8.8540x10 

-12  J  -1 

farad  m 

V 

k 

KB 

-2^  -1 

Boltzmann  constant,  1.3804x10  joule  °K 

me 

ME 

Mass  of  electron,  9*1084x10  J  kg 

Number  Densities  in  Units 

of  cm  ^ 

Specific  (with 

Generalized  (with  subscripts ) : 

superscripts ) : 

N 

0 

NO 

Neutral  atom  of  major  species 

Ne  or  [Ne]  ,Ar 

A 

0 

n 

AO 

Neutral  atoms  of  minor  species 

Ar,  Cs 

X(l) 

Electrons 

e 

N+ 

X(2) 

Atomic  ion  of  major  species 

Ne  ,  Ar 

N2+ 

X(3) 

Molecular  ion  of  major  species 

Ne+,  Ar+ 

w  V 

X(4) 

Excited  state  of  major  species 

Ne  ,  Ar 

N 

m 

\ 

X(5) 

Metastable  state  of  major  species 

Ne  ,  Ar 

x(6) 

Atomic  ion  of  minor  species 

A rH ,  Cs+ 

A2+ 

X(7) 

Molecular  ion  of  minor  species 

A r\,  CSp 

K  _  i 

a* 

Excited  state  of  minor  species 

A r  ,  Cs 

Cgo 

1”  Csj  in  equilibrium  in  bath 

Dimensions 

d 

D 

Height  of  right  circular  cylindrical 

cavity,  cm 

P1 

RHOl 

Radius  of  uranium  foil,  cm 

P2 

RH02 

Radius  of  right  circular  cylindrical 

cavity,  cm 

L 

LAM 

Characteristic  diffusion  length  of  e: 

avity,  cm 

V 

o  o 

Volume  of  cavity,  nPp‘~d,  cm  ’ 

t 

TEL 

Tine,  sec 

T 

TAUX 

Decay  time,  sec 

Nuclear 

Constants 

A 

A 

Atomic  mass,  kg 

M 

M 

Molecular  weight,  kg 

R,  . 
lj 

RR1(J) 

Range  of  fission  fragments  in  fissile  fuel  cm(QO0  Cod 

-1  1 

£  .£■ 

SIGMA 

Macroscopic  fission  cross  section,  e 

an 
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SYMBOL  FORTRAN  NAME 


DESCRIPTION 


Gas  Constants 
M(N  )  MASNO 


o 

M(Aq) 

Q 

^ea 

V. 

VAo> 

V 
m 

V  (N  ) 
m  o 


D 

c 

D 


m 


D 

£ 

D 

K 


a>  J 

a,  J 


MASAO 

QE(I) 

VINO 

VIAO 

VMNO 

MUEL 

MUION 

DP 

DA 

K(J) 


K 


m 


KM 


Cl 

to 

C 


22 


c(i) 

to 

C(22) 


Variables 

Independent 


P 

TB 

Uf 


XF 

XP 


5emi -independent 
T 

av 

F0 


Molecular  weight  of  Nq,  kg 
Molecular  weight  of  A  ,  kg 

Electron-neutral  atom  momentum  -  transfer  cross  section, cm 
Ionization  potential,  eV 
Ionization  potential  of  NQ,eV 
Ionization  potential  of  A  ,eV 

U 

Energy  level  of  metastable  states,  eV 
Energy  level  of  Km>eV 


2  ..-1  -1 

Mobility  of  electrons,  cm  volt  sec 

2  ,.-1  -1 

Mobility  of  ions,  cm  volt  sec 

2  -1 

Diffusion  coefficient  of  electrons,  cm  sec 

2  -1 

Diffusion  coefficient  of  ions,  cm  sec 

2  -1 

Diffusion  coefficient  of  metastable  states  cm  sec 

.  2  -1 

Ambipolar  diffusion  coefficient  cm  sec 
Ambipolar  diffusion  coefficient  of  ion  J,  cm  sec 


Diffusion  coefficient  at  unit  density 

=  (n  =2.69x10  ycm- 3 )xD  ,cm"  sec- 
o  &■>  J 


of  ion  J 


Diffusion  coefficient  at  unit  density  of  Nm 

=  n  x  D  ,  cm"l  sec“4 


Reaction  rate  coefficients  defined  jn  Refs. (2)  and 
(5);  2-body,  cmBsec-1;  3-body,  cmbsec"  ,  and  input 
values  are  X  10^°  with  scaling  factor  of  10-  in  code. 


Reactor  power,  MW 

-2  -1 

Neutron  flux,  cm  sec 
Pressure  of  gas^torr 

Temperature  of  uranium  side  of  cavity,  °K 
Temperature  of  cesium  bath,  °K  (Cav.l6) 

Microwave  frequency  (angular)  of  probing  signal, rad  sec 

Temperature  of  Kovar  side  of  cavity,  °K 

Average  temperature  of  gas  in  cavity,  °K  =(Ty+Tjr)/ 

Resonant  frequency  (vacuum)  of  cavity  cps 
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:ymbol 


FORTRAN  NAME 


DESCRIPTION 


Variables 

Semi -independent  (continued): 

-  Electric  field  distribution  within  cavity,  volt/cm 

-3-1 

S  Source  rate  of  N,  ions  from  fission  fragments, cm  ' sec 

G  Source  rate  of  N*  excited  states  directly  from  fission 


fragments,  cm  o  sec“x 

Source  rate  of  N  metastable  states  directly  from  fis¬ 
sion  fragments ,  cm“3sec" 


S1 

S(l) 

S+/N0,  cm"1 

s2 

S(2) 

S.  /N  cm'1 

S3 

si 

S(3) 

S  /N  ,  cm 

m  0  i  i 

S^/P,  cm-1  MVrx 

T 

TCAS 

Gas  temperature  input  to  code,  °K 

Dependent :  (CW8  Code) 


TESWRM 

TSWM1G 

TELI 


T-T. 


EEL 

EGS 

ESM 

(FF)  EMAX 


f  (Pen)  I  MID 
max 


Sfc‘ 

*■  min 

At 

N(At)o 


YINF 

DELTE 

EMIN 

DEILE 

NSTEP1 

NSTEP2 


Temperature  of  electron  swarm,  °K 
Temperature  code  input  first  guess 
Temperature  code  argument  to  TELECT  subroutine 
Temperature  of  ions,  °K 

Electron  collision  frequency  with  neutral  atoms, sec 

Electron  collision  frequency  with  swarm  electrons, sec 

.  -1 

Electron  collision  frequency  with  ions,  sec 

Averaged  electron  collision  frequency,  sec”  ,see  Eq.(27) 

Electron  energy,  eV 

Average  energy  of  neutral  atoms,  eV 

Average  energy  of  electron  swarm 

Initial  energy  of  energetic  electron  from  a  fission 
fragment,  eV 

Initial  energy  of  energetic  electron  from  Penning 
ionization,  eV 

Minimum  "infinite  energy"  (input) (2 12) 

Lower  cut-off  energy  differential  (input)  for  decaying 
energetic  electron  viz., 

=  (€  +  50 

'  es 

Electron  energy  increment,  eV  (input) 

Number  of  electron  energy  increments  (first  integrals) 
Number  of  electron  energy  increments  (second  integrals) 
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SYMBOL 


FORTRAN  NAME 


DESCRIPTION 


f 

Maxwell -Boltzmann  distribution  function  Eq.(l3) 

P(y) 

FUNY  (YEL) 

"  See  Eq.(l4) 

y 

t 

YEL 

k  /c  e,  e/  6g 

E 

max 

SOURCE 

See  Eq . ( 3 ) ,  -  CE1  x  LEELOC  +  CE2  x  LEMLOS 

As 

LSTLOS 

See  Eq.(l7)  =  LSNLOS  +  LSILOS 

Dependent 

:  (CW9  Code) 

/if 

DELFRQ 

Shift  in  resonant  frequency,  cps 

f 

FRQ 

-  f0  +Af  shifted  resonant  frequency,  cps 

l°o 

r  2n  f  ,  sec 
° 

A  <•' 

=  2nAf,  sec" 

J 

X 

Bessel  functions  of  integer  order 

derivative  of  J  (see  Eq.(7l)) 

X 

/m 

roots  of  Bessel  functions,  see  Eqs.(5l)  and  (52) 

kl 

Kl 

See  Eq.(59) 

k3 

K3 

See  Eq.(60) 

k 

K 

See  Eq.(6l) 

Other  CW8  Input  Variables 

KIT 

Iteration  limit  on  TELECT  inner  iteration 

NITS 

Iteration  limit  on  CV/8  outer  iteration 

5T 

DIFCON 

Convergence  criterion  on  T  ,  °K 

G  7 

PRCNTC 

Convergence  criterion  ST/Te 

C0NV1 

Convergence  criterion  on  (E^^-E^  ) /SOURCE 

EKM 

See  Eq.(85) 

E16 

See  Eq.(83) 

E21 

See  Eq . (84 ) 

L 

Control  vector  for  TABX  interpolation  subroutine 

MRPT 

See  section  A-III  Appendix  A 

MORE 

See  section  A-II  Appendix  A 

<utner  UW9  Input  Variables 

NTJ 

=  1,  TE-mcde;  =  2,  IM-mode . 

l 

LB  1 

m 

MB  1 

>mode  designation  (see  section  III  A. 2) 

n 

NB  | 

> 
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CYMBOI. 


FORTRAN  NAME 


DESCRIPTION 


NGTP/.  Number  of  t_  z  increments 

ICTPR  Number  of  (_  r  increment c 

NCR  \ 

NFR 

EPSB 

PRNT1  /  fee  section::  B-IV  and  B-V 

NoMORE 

DIFFRN 

MORE 
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,  Appendix  1? 


I .  INTRODUCTION 


In  previous  computations  of  the  electron  density  (np)  in  fim  ion- 

fragment  -generated  plasmas  in  microwave  cavities  we  have  assumed:  (l)  that 

the  electron  temperature  (T  )  was  equal  to  the  gas  temperature  (T  )  in  the 

e  6 

plasma ;  and,  (2)  that  the  electron  density  was  uniform  throughout  the  volume 

1  P 

of  the  microwave  cavity.  * ~  To  date  the  agreement  of  our  theory  (which  con¬ 
tains  no  adjustable  parameters)^  with  the  inpile  microwave  measurements  of 
electron  density  has  been  rather  good  but  we  wished  to  extend  our  theory  to 
take  into  account  the  possible  elevation  of  the  electron  temperature  and 
spatial  variation  of  the  electron  density  within  the  cavity. 

Recent  computations  from  energy  balance  considerations  by  Rees  have  shown 
that  the  electron  temperature  can  be  appreciably  higher  than  the  gas  tempera¬ 
ture  depending  upon  the  ion  generation  rate  and  the  electron  density.  How¬ 
ever  our  reaction  kinetics  studies  had  already  shown  that  the  electron  den¬ 
sity  was  not  only  strongly  dependent  on  the  ion  generation  rate,  but  was  also 
a  sensitive  function  of  the  electron  temperature  particularly  via  colli sional- 
radiative  recombination  (which  varies  as  Te_;;),  ;  so  that  now  we  have  an  implic¬ 
it  dependence  of  ng  on  Tg  and  neither  can  be  computed  directly .  An  iterative 
procedure  is  needed  to  solve  simultaneously  the  electron  temperature  and  reac¬ 
tion  kinetics  equations  to  find  a  consistent  (n  ,Tg)  pair  and  this  can  usually 
be  done  conveniently  with  a  computer.  Section  II  of  this  report  will  des¬ 
cribe  such  a  computer  code  (hereafter  called  the  "Electron  Density-Temperature 

Code  (CW8)"  )  for  calculating  the  (n  ,T  )  pair  at  a  point  in  the  plasma. 

e 

This  first  code  consists  of  two  main  subroutines:  (l)  the  "Electron 
Density  Subroutine",  a  modification  of  the  previous  "Reaction  Kinetics  I  Code", 
which  computes  n  given  T  :  and  (2)  the  new  "Electron  Temperature  Subroutine" 

6  G 

which  computes  T  given  n  .  The  physics  and  methol  of  computation  for  this 
e  e  ^ 

second  subroutine  have  been  described  earlier .  The  Electron  Temperature  Sub¬ 
routine,  itself,  requires  an  iterative  procedure  to  balance  the  energy  input 
and  output  to  the  electron  swarm,  and  the  Electron  Density  Subroutine  also 
uses  iterative  procedures  to  solve  the  N  simultaneous  equations  for  the  reac¬ 
tion  kinetics  continuity  equations . 

This  scheme  is  represented  by  the  center  block  of  Fig.  1.  The  first  block 
of  Fig.  1  represents  the  computations  which  make  use  of  our  "Ion  Generation 
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Rate  Code  (QOO)"  to  prepare  the  input  data  to  the  Electron  Density- Temperature 
Code  (CW8). 

The  second  major  computer  code  discussed  here  is  represented  by  the  last 
block  in  Fie-  1,  the  "Resonant  Frequency  Shift  Code  (CW9)"  •  This  program 
relates  the  output  from  the  Electron  Density-Temperature  Code  to  the  change 
in  resonant  frequency  of  the  microwave  cavity .  We  note  that  the  Electron 
Density  -  Temperature  Code  computes  the  (ne,Te)  pair  at  a  point  in  the 
plasma.  However,  our  inpile  measurements  of  the  resonant  frequency  shift  of 
the  cavity  respond  to  an  integral  average  of  the  electron  density  over  the 
square  of  the  electric  field  throughout  the  volume  of  the  cavity.  Thi  effect 
is  well  known*  and  the  computations  necessary  for  its  evaluation  are  straight¬ 
forward  —  that  is,  providing  the  variation  of  ne(r)  is  available.  Thus  with 
our  theory  for  the  generation  rate  of  ions  in  gases  by  fission  fragment: 

(Code  Q00  in  Fig.  l)^’8  we  first  calculate  the  source  rate  of  ions  at  each 
point  in  the  cavity.  Then  with  the  Electron  Density -Temperature  Code  we 
compute  the  electron  density  at  each  point  in  the  cavity.  Finally  we  com¬ 
pute  the  resonant  frequency  shift  of  the  cavity  (last  block  in  Fig.  l)  ior 
direct  comparison  with  the  experimental  measurements .  This  final  Resonance 
Frequency  Shift  Code  (CW9)"  is  discussed  in  Section  III  of  the  report. 

The  assembly  of  computer  codes  shown  in  Fig.  1  embrace  much  of  our  theory 
developed  to  date  for  our  nuclear  generated  plasmas  and  thus  most  of  the  phy.  - 
ics  contained  in  these  codes  has  been  described  in  other  reports.  The  empha¬ 
sis  here  will  be  on  the  computer  techniques  used  to  solve  the  equations  for 
the  two  new  programs,  and  those  techniques  needed  to  tie  together  all  of  uhe 
codes  to  predict  the  resonant  frequency  characteristics  of  our  inpile  micro- 
wave  cavity.  Symbols  and  FORTRAN  names  for  the  equation  variables  are  listed 
in  a  table  at  the  beginning  of  the  report.  Listings  and  other  program  details 
are  presented  in  Appendix  A  for  the  Electron  Density-Temperature  Code  and  in 
Appendix  B  for  the  Resonant  Frequency  Shift  Code  . 

Finally  this  complex  of  computer  codes  was  used  to  analyze  all  of  our 
inpile  microwave  data  on  the  neon-argon  system  and  part  of  the  data  on  the 
argon-cesium  system  and  the  results  are  presented  in  Section  IV  of  this  report . 
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THEORETICAL  ELECTRON  DENSITIES  FOR  MICROWAVE  EXPERIMENTS 
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II .  ELECTRON  DENSITY- TEMPERATURE  CODE  (CW8) 


As  pointed  out  In  the  introduction,  the  Electron  Density-Temperature 
Code  (CW8)  consists  of  two  main  subroutines:  l)  the  Electron  Density  Sub¬ 
routine  (NONLIN)  and  2)  the  Electron  Temperature  Subroutine  (TELECT).  This 
code  also  involves  an  important  main  control  program  and  a  number  of  subrou¬ 
tines  of  lesser  importance .  A  block  diagram  of  the  Electron  Density- Tempera - 
ture  Code  is  shown  in  Fig.  2.  The  Electron  Density  Subroutine  is  made  up  of 
a  number  of  other  subroutines  which  had  been  written  for  the  previous  Reaction 
Kinetice  Code.-  Only  minor  modifications  were  needed  to  make  this  set  of  sub¬ 
routines  into  one  unit  with  the  subroutine  calling  name  of  NONLIN.  The  new 
elements  of  the  Electron  Density-Itemperature  Code  are  the  Electron  Tempera¬ 
ture  Subroutine  and  the  Main  Control  Program  which  will  be  described  in  detail 
in  this  section . 

The  Electron  Temperature  Subroutine  will  be  described  first,  then  the 
modifications  to  the  Reaction  Kinetics  Code  to  make  it  into  an  Electron  Den¬ 
sity  Subroutine,  and  finally  the  Main  Control  Program  which  uses  these  two  sub¬ 
routines  to  find  the  (n  ,T  )  pair. 

A.  Electron  Temperature  Theory 

In  the  fission  fragment  ionization  of  noble  gases  most  of  the  electrons 
are  produced  with  energy  less  than  the  excitation  energy  of  the  noble  gases 
but  appreciably  higher  than  the  average  energy  of  the  swarm  electrons  that 
make  up  the  plasma.  As  the  energetic  electrons  are  "thermalized"  by  elastic 
collisions,  much  of  the  excess  energy  is  lost  to  neutral  atoms  but  an  appreci¬ 
able  fraction  is  transferred  via  Coulomb  collisions  directly  to  the  electron 
swarm.  This  latter  process  produces  a  non-equilibrium  state  in  which  the 
electron  swarm  is  heated  to  a  "temperature"  higher  than  the  "temperature"  of 
the  ambient  neutral  atoms  and  ions  .  The  physics  of  the  various  possible 
energy  transfer  collisions  has  been  investigated  by  Rees^  who  developed  a 
theory  t  predict  this  non-equilibrium  electron  temperature  from  the  steady- 
state  ion  generation  rate,  the  electron  density  and  other  parameters  of  the 
gas  .  A  summary  of  the  method  of  calculation  is  presented  below  and  the  reader 
is  referred  to  Reference  (4)  for  a  more  detailed  discussion.  The  symbols  are 
defined  in  the  List  of  Symbols  at  the  beginning  of  this  report . 


11 


ELECTRON  DENSITY-TEMPERATURE  CODE 


Electron  Density- Temperature  Code  (CW8 


1 .  Input  ■  Consider  a  gas  mixture  comprising  N0  major  and  AQ  minor  atom 

densities  at  total  pressure  p  and  temperature  T  and  subjected  to  a  fission 

6 

fragment  flux  which  produces  an  ion  generation  rate  .  Suppose  that  we  have 

already  determined  the  density  of  electrons  ng  and  metastable  states  . 

Characteristics  of  the  gas  are  the  mass  of  the  atoms  of  the  major  species  M(No) 

and  the  minor  species  M(Aq)  and  their  first  ionization  potentials  V^I^)  and 

V  (A  ) .  The  metastablc  level  of  the  major  species  (V  )  and  the  Penning  ioniza- 
1 '  +  TH 

tion  reaction  rate  (Clc)  with  the  neutral  atom  of  minor  species  are  also 

lo 

needed.  Assuming  separate  Maxwell -Boltzmann  distributions  we  can  express  the 
a\erage  energy  of  the  gas  atoms  and  swarm  electrons  in  terms  of  their  tempera¬ 
tures  or 

6  =  3/2  kT  /e  (l) 

6  g' 

6  =  3/2kT/e.  (2) 

es  '  e' 

It  is  this  last  value,  6  >  that  we  wish  to  calculate.  We  shall  calculate  6 

in  an  energy  balance  that  sets  the  gain  in  energy  of  the  electron  swarm  from 
the  energetic  electrons  equal  to  the  loss  of  energy  of  the  electron  swarm  to 
the  neutral  gas  atoms  and  ions . 

2.  Production  Rate  of  Excess  Energy.  The  total  production  rate  of  excess 
electron  energy  (E  )  which  would  be  available  t  heat  the  electron  swarm  i; 
given  by  the  sum  of  the  electron  energy  production  rate  from  the  fission  frag¬ 
ments  and  the  electron  energy  production  rate  via  the  Penning  ionization  from 
the  metastable  states  . 


E 

max 


0.30  V.(N+) 


SnN 
1  0 


+  C 


15 


N  A 
m  0 


(3) 


As  the  energetic  electrons  "thermalize"  and  lose  this  excess  energy,  part  is 
lost  to  the  neutral  atoms  and  part (which  we  wish  to  find)  is  lost  to  the  elec¬ 
tron  swarm.  The  distribution  of  these  two  losses,  however,  varies  with  the 
electron  energy  (€). 

3-  Energy  Loss  Rate  Energetic  Electrons  to  Gas  and  Electron  Swarm. 

The  energy  loss  rate  of  an  energetic  electron  (d£/lt)  is  given  in  terms  of 
its  energy  (C,eV)  and  collision  rates  with  the  neutral  atoms  (vga)  and 

*  In  this  model  any  energy  loss  in  inelastic  collisions  is  neglected  .  This  is 
a  valid  approximation  for  neon-argon  but  not  for  argon-cesium  where  f^riax^1^ 
*0.30  Vi(N+)=.Vi(A+). 
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. . . . . . 


and  electrons  of  the  swarm  (vge)  as 


%  Lea  (f.fg)  -L(  e,eM) 

(4) 

2  m 

where 

=  <smrr>  »»(e)(c-eg  ) 

(5) 

and 

lee(f(?a9 

(6) 

The  collision  rate  with  the  neutrals  is  expressed  .n  terms  of  the  electron 

velocity  v(£),  cm/sec-5  .93x10  W  and  the  cross  section  for  momentum  trans- 
fer  Qea(  £),cm2  as 


Vea  -  5.93  X  10' VF  «ea(f)  B0. 


(7) 


The  collision  frequency  for  Coulomb  scattering  of  the  energetic  electrons  on 
the  swarm  electrons  is  expressed  in  terms  of  the  electron  density  and  swarm 

temperature  (T  )  as 
es 


ee 


=  1.54  x  10~^  n  6  ~-^/2ln  ]  1  ’25  x  1° 


,4  T 


-3/2 


Tj2 


(8) 


_ g-ng_r6y  Galn  oT  the  Electron  Swarm.  Using  Eq.(4)  we  can  compute  the 

energy  versus  time  profile  of  a  decaying  electron. 


t(  6 )  = 


AL 


L  (  f ')  +  L  (  £  ') 


ee 


(9) 


■max 


Now  that  we  have  £  =  £(t)  in  Eq.(9),  we  can  compute  individually  the  total 
energy  gain  of  the  electron  swarm  from  the  energetic  fission  fragment  elec¬ 
trons  (  £ max^)1"0'30  Vi(N+)  and  fr0Tn  the  energetic  Penning  electrons 

(fmax(Pen)'VNm)-Vi(A+)- 
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,  (t')(fc(t')-F  Jdt1  (10) 

V-  t  C  o 


V.  i  'J 


E_.(f  )=S  N  /  v  (t,)(6‘(t,)-€  )c1t '  +  C  ,_N  A 

GSVtes  1  O  '  PP  1  S  m  r 


ee 


15  m  o 


t(f  (FF)) 

v  max 


t(£  (Pen)) 

max 


5-  Energy  Loss  of  the  Electron  Swarm.  The  electron?  of  the  swarm 
exchange  energy  predominantly  with  the  neutral  atoms  and  ions*  —  according 
to  the  expression 


c*o 


(f-f>„„(f)r(f)ae  +  ( 


2m 


ea 


Mf/rj 


(e-fr)vol(6)f(e)de  (id 


r  o 


where  we  have  set  the  average  energy  of  the  ions  (£\  )  equal  to  that  of  the 

gas  (£  )  and  have  taken  the  ion  mass  equal  to  that  of  the  minor  species  (A  ) 

S 

which  is  in  accord  with  the  results  from  our  previous  Reaction  Kinetic. 

2 

studies  where  we  found  the  atomic  ion  of  the  minor  gas  species  tc  be  thr  pre¬ 
dominant  ion  in  the  plasma  for  the  conditions  of  intcrc  t  to  us  .  The  electron 
ion  c  Alision  frequency  v  .  ic  given  by 


v  . 
ex 


3.86  x  10 


-6 


n  € 

e 


-3/2 


3/2/  1/2 
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Now  the  average  energy  of  the  electron  swarm  is  contained  in  the  distribution 
function  of  f(6)  where  f(6)d£  is  the  total  number  of  electrons  in  the  swarm 
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per  cm  with  energy  between  £  and  fc+d-,  that  i. 
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where 


F(y)  2.073  y1/2  c"  '  2y  and  y  =  £/£ 
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If  the  average  swarm  temperature  is  greater  than  the  average  gar  temperature 

in  Eq.(ll),  that  is  (£  ,  then  E  «=  0  and  thu  rvmnn  loses  energy  to  the 

neutral  atoms  and  ions,.  If  £  ,  E  -0  which  means  the  sum  of  the  integral: 

from  6=0  to  £  equals  tlie  sum  of  the  integral,  from  £  r  to  cxj. 

_  _ _ 

*  Again,  inelastic  collisions  are  neglected  and,  of  course,  we  are  deliberate!; 

excluding  the  gain  term  from  the  energetic  electron:  . 


Now  to  solve  Eq.(ll)  we  must  make  e.n  approximation  which  takes  advantage  of 
this  last  fact .  Because  of  our  limited  knowledge  of  interaction  rates  and 
(distribution  functions  at  very  low  electron  energies,  our  expressions  for 
these  cause  the  integrals  in  Eq.(ll)  to  diverge  as  6-—  0.  We  can  always 
break  up  the  integrals  in  Eq.(ll)  as 
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where  Z(£)  represents  one  of  the  integrands  in  Eq.(ll). 

^es^g  we  have  no  trouble  integrating  the  first  integral  on  the 
light  hand  side  of  (15 )  •  Now  we  claim  that,  when  for  the  swarm  t  =6  +Ap 
because  of  the  gain  of  energy  from  the  energetic  electrons,  the  gain  of 
energy  of  the  swarm  from  the  neutrals  and  ions  (last  term  on  right  hand 
side  of  Eq.(l5)  with  F(y)  centered  on  y=6"/fe^)  can  be  approximated  by  the 
gain  of  energy  of  the  swarm  from  the  neutrals  and  ions  where  A'-=0.  However 
when  /\£= 0,  the  last  term  on  right  hand  side  of  Eq.(l5)  equals  the  negative 
of  the  first  term  with  F(y)  centered  on  y =6/6  •  Our  approximation  is  then 
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Using  this  approximation  in  Eq.(ll)  we  have  finally  for  the  loss  rate  of  the 
electron  swarm  (using  expressions  (5),  (12)  and  (l4) 
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Now  the  problem  is  to  find  a  value  of  the  average  electron  swarm  energy  6 

GS 

such  that  the  gain  in  energy  by  the  electron  swarm  from  the  energetic  elec- 
tiono  in  Eq.(io)  is  balanced  by  the  loss  in  energy  of  the  electron  swarm  to 
the  neutral  atoms  and  ions  in  Eq.(l7)  or 

^GS  ^es^  +  ^LS  ^es'  =  °.  (l8) 

Having  solved  this  set  of  equations  the  temperature  of  the  electron  swarm 
is  then 

Te  =  2/^es  e/k<  (19) 

In  general,  neither  Eq.(lO)  nor  (17)  can  be  solved  analytically  because  the 
electron-neutral  atom  cross  sections  (Q  )  cannot  be  expressed  readily  in 
analytic  form.  Numerical  (or  graphical)  techniques  must  be  used  for  those 
integrals  involving  tabular  functions  and  for  rapid  solution  of  such  problems 
digital  computer  techniques  are  particularly  well  suited . 

ill _ Applicability  of  Model  to  Microwave  Experiments  .  In  the  theory  just 

described  we  compute  the  electron  temperature  for  a  point  in  the  gas  from  an 
energy  balance  on  volume  processes  taking  place  in  the  close  neighborhood  of 
the  point.  That  is,  we  assume  the  mean  free  paths  of  the  energy  sharing  par¬ 
ticles  are  much  smaller  than  the  dimensions  of  the  cavity  and  we  also  assume 
that  there  is  no  transport  of  energy  via  grad  Tg .  We  intend  to  use  this 
theory  to  help  us  predict  the  distribution  of  electron  density  within  our 
microwave  cavity  so  we  now  examine  the  limits  of  validity  of  these  assump¬ 
tions  for  the  actual  cavity  tested  . 

The  microwave  cavity  was  a  right  circular  cylinder  of  radius  P2  I.I36  cm 
and  height  d=0.70  cm.  First  we  consider  electron  diffusion  to  the  walls  of 
the  cavity.  The  axial  diffusion  length  Aa  d/n  -0.223  cm  and  the  radial  dif¬ 
fusion  length  Ap=p2/2,i4'  n*^73*  The  total  diffusion  length  /\(l//  ~=1/A  >l/A^) 
is  0.202  cm.  We  see  that  of  those  electrons  lost  by  diffusion,  most  are  lost 
in  the  axial  direction  since  A  A  a "  Electr°ns  in  neighborhoods  separated 
by  distances  of  order  A  =0.202  cm  along  the  radius  are  therefore  effectively 
decoupled  from  diffusion  mixing.  When  volume  recombination  losses  become 
large,  as  they  are  expected  to  be  in  many  cases,  the  lifetime  of  the  electrons 


becomes  much  shorter  and  this  further  localizes  the  effects  of  diffusion.  The 
relative  rates  of  electron  loss  by  diffusion  and  volume  recombination  will 
depend  upon  many  other  factors,  including  the  electron  temperature,  and  these 
effects  are  accounted  for  in  the  reaction  kinetics  equations. 

We  know  from  previous  computations7 that  the  ion  generatioi  rate  (s)  is 
fairly  uniform  in  the  direction  of  the  axis  of  such  a  tube  but  does  decrease 
radially  because  at  a  point  in  the  gas  the  solid  angle  of  the  uranium  foil, 
of  finite  diameter  (p]_cp2),  decreases  with  increasing  radius.  Diffusion  is 
negligible  in  the  radial  direction  so  that  the  electron  density  can  be  computed 
at  points  along  the  radius  of  the  tube  using  the  reaction  kinetics  theory  and 
the  computed  ion  generation  rate  at  that  point  on  the  radius .  We  must  now 
decide  whether  a  specific  electron  swarm  temperature  can  be  assigned  to  each 
of  these  points  along  the  radius . 

Besides  the  energy  losses  directly  to  the  atoms  and  ions  in  the  neighbor¬ 
hood  of  a  point,  the  excess  energy  of  an  electron  swarm  can  be  transported 
away  via  Coulomb  collisions  (grad  Tg)  as  well  as  by  mass  transport  (grad  n  )  . 

We  have  already  decided  that  (grad  nj  is  small  in  the  radial  direction  so6 
the  question  of  whether  a  specific  electron  swarm  temperature  can  be  assigned 
to  each  point  along  the  radius  depends  upon  whether  a  significant  fraction 
of  the  excess  of  the  electron  swarm  energy  (over  the  gas  temperature)  is  lost 
by  Coulomb  collision  to  the  electrons  of  adjacent  neighborhoods  rather  than 
to  the  nearest  neutral  atoms  and  ions  .  We  can  answer  this  question  immediately 
from  the  boundary  conditions  on  the  plasma. 

We  have  seen  that  the  energetic  electrons  lo^e  their  energy  to  the  swam 

and  to  the  ambient  neutral  atoms  in  times  (t-IO-8  sec)  very  short  compared 

to  the  lifetime  of  an  average  swam  electron  (t — .  lO’^sec )  Therefore  an 

electron  swam  of  unit  volume  must  lose  energy  at  a  rate  equal  to  the  input 

rate  from  the  energetic  electrons  which  is  of  the  order  of  the  ion  generation 

rate  (s)  times  the  energy  of  the  energetic  electrons  (£  ),  i.e.,  the  total 

max 

loss  rate  of  excess  energy  of  the  swam  is  roughly  (s£  V)  where  V  is  the 
volume  of  the  cavity. 

Wow  consider  the  electrons  at  the  wall  of  the  cavity.  We  assume  these 
electrons  strike  the  wall  with  energy  equal  to  the  average  electron  swam 
energy  £es=€g+A£  •  The  maximum  energy  that  could  be  transported  to  the  wall 
by  these  electrons  would  be  for  the  case  where  none  are  reflected  from  the 
wall.  The  total  arrival  rate  at  the  wall  cannot  exceed  sV  so  the  total  energy 
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"transported  via  the  electrons  cannot  exceed  SV  A£  •  Since  we  expect  AC  ^"max 
we  conclude  that  the  excess  energy  of  the  swarm  ir  quickly  transferred  to  the 
neutral  atoms  and  ions  at  the  point  of  origin  of  the  energy  and  then  in  turn 
these  atoms  and  ions  transfer  that  energy  to  the  walls  via  (grad  T  ) • 

On  the  basis  of  these  argximents  we  will  proceed  to  use  both  the  reaction 
kinetics  theory  _nd  the  electron  temperature  theory  t  compute  the  (n^Tj 
solutions  as  a  function  of  the  varying  ion  generation  rate  along  the  radius 
(at  mid-height)  of  the  cavity. 

Because  of  the  axial  diffusion  of  the  excctron.  ,  the  electron  density 
decreases  in  magnitude  from  the  mid -height  position  in  the  axial  direction 
towards  the  walls.  This  axial  variation  (n^i"))  would  he  negligible  if  the 
ions  are  lost  predominantly  by  volume  recombination  (as  expected);  on  the 
other  hand,  the  electron  density  would  vary  as  cos(r..//^)  ii  the  ions  are  lost 
predominantly  by  diffusion.  Later  in  the  Resonant  Frequency  Shift  Code  we 
shall  program  the  integrals  over  the  volume  of  the  cavity  to  account  for  any 
known  variation  in  the  axial  direction.  However,  in  the  analysis  of  the 
data  we  shall  neglect  this  axial  variation. 

B.  Electron  Temperature  Subroutine  (TELECT) 

The  equations  for  the  electron  temperature  above  were  programmed  for 
solution  on  the  IEM  7094  computer  in  the  FORTRAN  IV  language.  The  flow 
diagram  for  this  program  is  shown  in  Fig.  A-2  in  Appendix  A.  Ac  mentioned 
before  this  code  was  'written  as  a  subprogram  of  the  more  general  Electron- 
Density-Temperature  Code.  This  subroutine  is  concerned  with  th<  innci - 
iteration  to  obtain  Tq  =Tf  (ng)  while  the  Electron-Density-Temperature  Code 
is  concerned  with  the  outer -iteration  on  both  T^  and  ng .  The  following 
paragraphs  will  describe  the  major  considerations  to  guide  the  inner  itera¬ 
tion  to  a  successful  solution  for  Tfi,  given  ng . 

1 ,  Analytic  Expression  to  Guide  Convergence:  The  efficiency  or  speed 
of  convergence  of  iteration  techniques  depends  in  large  part  on  the  ability 
to  estimate  a  good  value  of  the  trial  variable  (  good  next  guess  )  from 
information  generated  in  the  previous  trials .  Now  we  seek  a  value  ~~  to 

solve  Eq.(l8)  but  we  do  not  require  the  sum  of  the  gain  and  loss  terms  to  be 
identically  zero.  We  ask  that  the  absolute  value  of  the  difference  (IA  ^l)  be 
less  than  some  number  (A^c)  that  we  have  Pre judged  to  be  a  satisfactory 
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convergence  criterion,  that  is 
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The  gain  term  E^s  of  the  electron  swam  from  the  energetic  electrons  can  be 

expected  to  be  relatively  insensitive  to  the  average  electron  swam  energy 

^es  since  for  our  condition  we  expect  £  «  f  (FF)  or  f  (Fen.).  However 
#  max  max 

the  loss  for  the  energy  transfer  from  the  swarm  electron  to  the 

ambient  gas  can  be  expected  to  be  very  sensitive  to  the  average  electron  swarm 
energy,  or  more  appropriately  to  (€es-6  ),  depending  upon  the  nature  of  the 
gas  .  The  electrons  of  the  electron  swam  are  expected  to  lose  their  energy 
predominantly  to  the  neutral  atoms  rather  than  to  the  ions  for  the  plasma 
condition  of  interest  to  us  .  The  cross  section  for  momentum  transfer  of  elec- 
trons  to  neon"  and  argon  are  shown  in  Fig.  2  and  it  is  clear  that  the  loss 
of  energy  to  the  neutral  atoms  E^,  (6es )  for  these  two  pases  will  behave  quite 
differently  particularly  when  £  increases  above-^O .05  eV.  Neon  cross  sec- 
tions  increase  monotonically  with  increasing  electron  energy  but  argon  exhibits 
the  characteristic  Ramsauer  minimum  at  electron  energies  near  - — >  0 . 3  eV.  The 


expression  to  predict  the  next  "good  guess"  must  reflect  this  difference  in 
behavior  of  Q 

ea 

To  obtain  a  "good  next  guess"  for  the  trial  variable,  (f  )  for  the 

f  -j  r  1  es'i+l  ' 

neon-argon  system  where  J^ArJ  <<  [NeJ  ,  we  assume  that  the  energy  gain  of  the 

swam  from  the  energetic  electrons  E^  changes  linearly  with  increasing  £ 

and  that  the  energy  loss  rate  of  the  swam  to  the  ambient  gas  E^g  changes 

linearly  with  increasing  6es  •  From  Eq.(l7)  )=0  and  we  can  compute 

E  (f  )  so  that  6 

Ub  vg 
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(22a) 


This  approximation  worked  well  for  necn-argon  and  gave  a  convergence  within 
5?0  on  E(i.e.,(AE/EGS)2  0.05)  generally  after  only  a  few  («=  6)  Iterations. 
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For  the  argon-cesium  system  with^Csj^<  j^Aij,  the  linear  approximation, 
Eq.(22a), caused  the  trial  values  to  diverge  from  the  correct  solution.  For 
0.1  eV  £  (6  -6  )  5,1.0  in  argon-cesium  it  was  found  from  the  fjrst  code  run 

using  Eq.(22a)that  it  „(*(£  -?)  .  Using  this  relationship  and  the  insensi- 

IjO  G  S  g  _  __ 

tivity  of  fe_0  to  £  (i.e.,E  (f  )c±E  (C  ))  we  obtain  instead  of  Eq.(22a) 

IjO  GS  lio  g  CjO  GS 

)i-fg)  +  eg  to) 


(  ^es4+l 


For  the  argon-cesium  system  Eq.(22a)was  used  for  (£  -6  )2  0.05  eV  and 

-  -  ^  S  g 

Eq .  (22b)  for  (€  -£  )=»0.05  eV  and  convergence  within  57°  was  generally 

es  g  ^ 

obtained  in  less  than  6  iterations. 


2.  Average  Collision  Frequency:  Later  in  this  report  we  will  need 
for  the  Resonant  Frequency  Shift  Code  an  average  collision  frequency  vg  to 
account  for  the  damping  of  the  electron  motion  in  the  E-M  microwave  field. 
This  information  can  be  obtained  from  the  data  already  computed  by  the  equa¬ 
tions  above .  The  corresponding  differential  equation  for  each  integral  term 
(j)  in  Eq.(ll)  is 


«ES>J  -  <Mf>  f(f)  df 

J 


and  we  can  define  an  average  collision  frequency  for  energy  transfer  v 


.  such 
eJ 

(24) 


Following  the  same  logic  that  led  from  Eq.(ll)  to  Eq.(l7)  we  can  compute  an 
average  neutral  atom  collision  frequency  vg&  and  an  average  ion  collision  fre- 


is  last  alternate  version  was  used  on  the  computations  reported  here  for 
both  the  Ne-Ar  and  Ar-Cs  systems . 
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and 
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where -(E^c)a  and  -(E^p)^  are  the  first  and  second  terms  of  Eq.(l7).  For  the 

Resonant  Frequency  Shift  Code  we  combine  the  above  values  (after  convergence 

on  f  )  to  obtain  v  as  follows 
es  e 
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3 .  Integration  Subroutines :  There  are  many  integrations  to  be  per¬ 
formed  in  this  calculation  (see  Fig.  A-2,  Appendix  A)  and  nearly  all  with 
tabular  functions  as  integrands.  These  integrations  (on  a  function,  F(x)) 
are  performed  numerically  with  Simpson's  rule  using  a  fixed  number  of  steps 
(N,  input)  for  each  variable. 


3WXLL+NAX 
F(X)  dX  = 


n=N/2 
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n=l 


(F  +  1+F  +  F  ) 

v  2n-l  2n  2n+l' 


(28) 


Thus,  since  the  limits  of  integration  (X^ 
increment  size 

The  same  subroutine,  SIR,  performs  integrations  for  both  analytic  and  tabular 
functions,  F(X),  having  been  given  the  name  of  a  one-argument  FORTRAN  function 
as  the  first  entry  of  its  argument  list  —  SIR  (F,XLL,  XUL,  N) .  The  listing 
for  this  numerical  integration  FORTRAN  function,  SIR,  is  given  in  Thble  A-II 
in  Appendix  A . 

Tabular  functions  must  be  handled  differently  depending  upon  whether  the 
increment  range  is  known  in  advance,  that  is,  depending  upon  whether  the  value 
of  the  independent  variable  is  an  entry  of  the  tabular  array  or  intermediate 
to  other  entries  of  the  array.  When  the  function  "F"  is  tabular,  two  differ¬ 
ent  FORTRAN  functions  may  be  used  viz.,  DUMMY(x)  or  FUNCT(x)  .DUMMY(x)  expects 
to  find  in  a  labeled-common  block  a  FORTRAN  variable  array  XAR  containing  both 
a  monotonic  table  of  values  for  the  independent  variable  X  and  a  FORTRAN 


-X_t)/n)  will  change  from  integration  to  integration. 


UU 


X^)  are  also  variable,  the 
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variable  array  GAR  containing  the  corresponding  values  for  the  dependent 
(tabular)  function,  F(x)  .  This  FORTRAN  function,  i  .e .  DUMMY,  is  used  when 
the  range  (and  thus,  the  increment)  for  the  integration  are  known  in  advance 
and  when  the  program  can  be  arranged  so  that  the  values  of  the  independent 
variable  X  specified  by  the  FORTRAN  function  SIR  and  the  corresponding 
values  of  the  function  F(X  )  can  be  found  and  preset  in  the  XAR  and  GAR 
arrays  .  A  call  to  DUMMY(A)  causes  a  search  of  the  XAR  array  until 

(X(I)-A)  -  £  (29) 


The  value  of  GAR(l)  is  returned  as  F(A) .  Again  the  "calling"  program  must 
preset  XAR  and  GAR  before  calling  SIR  with  an  argument  of  DUMMY  (for  F) . 

The  listing  for  this  FORTRAN  function,  DUMMY,  is  given  in  Table  A-III  in 
Appendix  A. 

The  FORTRAN  function  FUNCT(x)  uses  the  interpolation  routine  TABX  and 
expects  to  find  in  a  labeled-common  block  not  only  the  XAR  and  GAR  arrays  for 
X  and  F(x)  but  also  a  control  array  L(7)  for  TABX.  A  call  to  FUNCT(A)  causes 
TABX  to  interpolate  the  argument  A  into  the  sequence  of  X- values  in  XAR  and 
return  an  interpolated  value  F(A)  from  the  F(x)  values  in  GAR.  The  order  of 
interpolation  is  preset  in  the  control  array .  FUNCT(x)  is  used  for  the  func¬ 
tion  name  entry  F  in  the  integration  subroutine  SIR  when  the  range  for  the 
integration  is  not  known  in  advance  or  when  the  values  of  the  independent 
variable  X^  specified  by  SIR  are  intermediate  to  those  listed  in  the  XAR 
array.  A  value  of  F(x)  obtained  by  extrapolation  out  of  the  range  of  XAR 
is  noted  by  FUNCT.  The  listing  for  this  FORTRAN  function,  FUNCT,  is  given 
in  Table  A-IV  in  Appendix  A. 

The  XAR  and  GAR  arrays  were  dimensioned  with  101  cells  and  since  both 
arrays  are  used  over  again  in  each  of  the  integrations  in  Fig .  A-2  it  was 
necessary  to  provide  other  temporary  storage  arrays .  A  minimum  of  three 
additional  arrays  were  needed:  XE2(l0l),  GE2(l0l)  and  EEl(lOl) . 

4.  Calling  Statement  and  Argument  List:  The  FORTRAN-IV  calling  state¬ 
ment  and  argument  list  for  the  Electron  Temperature  Subroutine  is 

CALL  TELECT  (X,  TELI,  TESWRM) 
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where 


X  =  Array  for  the  number  densities  of  the  N  particle 

species  in  the  plasma.  This  is  a  double  precision 
array  with  dimension  40  and  the  values  will  have 
been  provided  by  a  previous  call  to  the  Electron 
Density  Subroutine ,  NONLIN  . 

TELI  -  Is  the  first  trial  value  for  the  electron  swarm 
temperature  to  be  used  in  the  inner-iteration. 
TESWEM  =  The  returned  converged  value  of  the  electron 
swarm  temperature  (i.e.  for  ne=X(l)). 

The  arguments  are  dummy  names  to  the  calling  program  and  could  be  renamed 
there . 

5.  Other  Coding  Considerations:  Within  the  scope  of  this  report  it  is 
not  possible  to  cover  all  the  coding  details.  Those  readers  who  have  some 
FORTRAN  coding  experience  will  be  able  to  decipher  much  from  the  flow  diagram 
in  Fig.  A-2  .  For  those  who  intend  to  make  some  use  of  these  codes  a  few 
additional  remarks  are  made  .  The  input  to  this  subroutine  is  read  in  the 
Main  Control  program  for  the  code  and  will  be  described  later  in  Section  II, 
D.4.  The  output  from  within  this  subroutine  is  considered  intermediate  but 
it  can  be  printed  out  depending  upon  the  Main  Program  input  to  the  switch 
PRNT4  (l=No,  2=Yes).  An  example  of  this  output  is  given  in  Thble  A-XIII  in 

Appendix  A. 

The  F0RTRAN-3V  NAMELIST  mode  for  writing  data  was  used.  The  function 
statement  for  the  generalized  Maxwell-Boltzmann  electron  distribution  lor 
energy  for  Eq.(lU)  is  shown  in  Table  A-V  in  Appendix  A. 

6.  Check  of  Output:  When  the  subroutine  was  first  programmed,  it  was 
run  separately  on  a  check  problem  which  haa  been  solved  by  graphical  integra¬ 
tion  techniques  Each  of  the  internal  integration  steps  and  the  final 
answer  agreed  satisfactorily  with  the  hand  calculation. 

The  complete  print-output  from  this  subroutine  for  an  example  problem 
is  displayed  in  Table  A-XIII  in  Appendix  A  and  is  discussed  in  some  detail 
there .  Normally  this  output  is  considered  intermediate  and  is  suppressed 
and  only  the  final  result  is  printed  by  the  Main  Control  program  (Section 
II -D.)  as  in  Table  A-XII  in  Appendix  A. 

C.  Electron  Density  Subroutine  (NONLIN) 

The  Electron  Temperature  Subroutine  described  above  is  the  second  sub¬ 
program  of  the  Electron-Density- Temperature  Code.  The  first  subprogram,  the 
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loo P  ,  ,  f  ,  “k0  “  aVallable  "  a  SUbr°Utine  In  the  iteration 

“lth  iaPUt  °"  th'  *«  <«*  generation  rate  Pro,  fission 

the  gas  and  electron  temperatures  and  various  other  geometrical  and  gas  parang 
ers,  then  solves  N  simultaneous,  algebraic,  no„-li„ear,  reaction  kinetic- 
rate  equations  to  find  the  steady-state  density  of  the  N  particle  species  of 

F«™.S"'laaiS  C°mPUt"  COdC  WaG  Vrltten  ^  d°Uble  PreCiSl°"  ln 

anguage  and  since  thi  has  already  been  described  in  some  detail3 

only  the  modiPieations  will  be  discussed  here  . 

~  — -ro<ltlnC!~  for  the  Electron  Density  Subroutine  fNOHLTNl  •  The  main 
subroutine  and  the  various  other  subroutines  used  by  are  show 

are  ulted  :::ir°mS  "  Flg-  2  ^  thd  —  ^  subroutines 

"1IN  -  °p  «- » — = 

partialiderivatives°1Ved  “* 


CROUT  -  Subprogram  for  determinant  evaluation 

T-Vt 


PUNT 


ITER 


FINAL 


-  Hrite  output  subprogram  Por  best  values  of  the  root-  when 
is  'Sjeeded!3  GnC0Untered  or  ^en  the  iteration' count 

roots  SPSrorsPrOEram  ^  ^  lnte™e«=te  values  oP  the 
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lutings  OP  these  subroutines  were  presented  in  Reference  (3)  as  part  of  the 

eaCti°"  KinGtiCS  Code  'F36>-  I"  «*.  Older  F36  code,  the  title  cards 

Tb  T  V  Sh°rt  Mai"  C°ntr01  Pr°er™  m°Gt  °f  thG  ^  **  «.  read 
m  by  the  subroutine  EVAL.  To  make  thr-co  -n^ 

‘  P  ograms  compatible  as  an  Electron 

Densaty  subroutine,  the  Reaction  Kinetics  Main  Control  program  was  deleted 

the  rrT  and  C°ntr01  tranEferrGd  to  «-  ««.  control  program  for 
MI  Density- Temperature  Code  to  be  described  later  (Sect.  II  D).  The 

VA1  subroutine  was  rewritten  so  that  it  now  obtains  the  necessary  input  data 

via  labeled-common  block  from  the  new  Main  Control  program.  A  listing  of 

e  revised  EVAL  subroutine  is  presented  in  Table  A-VI  in  Appendix  A.  The 

only  oth*  r  change  made  was  to  iiqp  a  i '•iKqi 

S  -CO  u.e  a  -labeled- common  block,  CCM1,  for  the  X-arrav 

m  the  ITER  and  FINAL  subroutines .  Y 


_ Calling  Statement  and  Argument  List:  The  FORTRAN-IV  calling  state¬ 
ment  and  argument  list  for  the  Electron  Density  subroutine  is 


CALL  NONLIN  (N,  X,  EPS,  ISW.  L) 

where 

N 

Number  of  simultaneous  kinetics  equations  to  be 
solved  . 

X 

=  Array  for  the  number  densities  of  the  N  particle 
opecae,  in  the  plasma.  This  i.  a  double  precision 
array  with  dimension  ho  and  initial  estimates  must 
be  provided  in  the  calling  program* 

Allowed  absolute  error  (used  lxlo"n)  . 

Output  switch  for  printing  results 
-  1  =  Final  result ■■  only 

2  Interned late  and  final  results 

~  3  -  Ho  printed  output 

EPS 

ISW 

L 

Error  indicator 

1  If  singularity  occurred 

2  If  number  of  iterations  exceeded  100 

=3  If  cyclic  condition  occurred 

=  ^  IF  good  solution  wa.  found  . 

The  argument  list  above  consists  cf  dummy  name,  whi  -h  are  important,  of 
course,  to  the  subroutine  program  but  not  to  tho  calling  program.  In  the 
Main  Control  program  (Sec .  II  D)  we  call  this  nibroutine  with  different 
names  for  some  of  these  arguments.  We  continue  with  tho  names  X  and  EPS  but 
call  NX  for  X  and  RTN  for  L.  During  the  outer  iteration  we  call  NONLIN  with 
the  name  PRNT1  (for  ISW)  for  the  input  switch  value  for  intermediate  print 
output  and  after  convergence  we  call  NONLIN  with  the  name  PRNT2  (for  ISW)  for 
the  intermediate  print  output.  Tie  first  trial  values  for  the  X-array  arc 
read  in  a  NAMELIST- input  statement  with  name  GUESS  in  the  Main  Control  pro¬ 
gram  together  with  the  input  values  for  EPS,  PRNT1,  PRNT2  and  NX  as  shown  in 
Table  A -XI I (page  A-2l)  . 


— — Main  Control  Program  for  tbs  Electron  Density-Temperature  Code  (CW8) 

The  Electron  Density-Temperature  Code  is  made  up  of  the  Electron  Density 
subroutine  ( Sec  .II  D  above)  for  n^nj  TJ,  the  Electron  Temp  ratnre  subrou¬ 
tine  (Sec.  II  C  above)  for  Tc  =  Tg  (nj,  and  an  overall  e  ntrol  program  (see 
Fig.  2)  to  guide  the  outer-iteration  to  a  solution  for  •cmpatible  values  for 
1  th  (ne,Te)-  It  is  this  last  control  program  which  we  will  now  describe. 

As  well  as  guiding  the  outer-iteration,  this  Main  Control  program  must 
perform  a  number  of  additional  task.  .  The  diagram  in  Fig.  A-l  show,  the 


27 


.1.1  .ill.  Illi AJ.  .jjl  Hi  lUiLil  iLi .1  ll » .LlU-UUdl.  .Itllnill  uLm.LiiiiiULl  .1  lLUl.1.  tilLl  U.1JI  ^.1 1 


details  of  the  flow  of  the  program  but  the  sequence  of  operations  is  given 
roughly  by  the  following  list: 

1.  Read  in  the  input  data; 

2.  Write  out  the  input  data; 

3.  Manipulate  the  fixed  constants; 

4.  Preparations  for  first  call  tc_  NONLIN  (performed  only  once): 

a.  Adjust  reaction  rate  coefficients  for  gas  temperature  (TGAS=T  ), 

b.  Adjust  reaction  rate  coefficients  for  first  guess  (input)  for 
electron  swarm  temperature  ( 'i'KLI =TSWM1G )  and  use  analytic 
expression  for  C(22), 

c.  Call  NONLIN  for  n^njT^TSWMlG)  and.  go  to  (5); 

5 .  Preparations  for  repeated  calls  to  NONLIN : 

a .  Adjust  reaction  rate  coefficients  for  trial  value  of 
electron  swarm  temperature  ( i'KLI )  and  in  particular,  adjust 
the  values  for  the  collisional  radiative  recombination  coef¬ 
ficient  C(22)  by  double  interpolation  on  a(ng,Te), 

b .  Call  NONLIN  for  ne  ( Te =TELI ) ; 

6.  Call  TELECT  for  T^T^nJ-TESWEM; 

7.  Check  convergence  and  go  either  to  (5)  or  (8); 

8.  Write  output  requested  for  above  computation; 

9.  Repeat  entire  procedure  for  each  point  requested  along  the 
mid-height  radius  of  the  microwave  cavity; 

10.  Write  out  a  summary  of  the  output  from  each  radial  point;  and 
,  Punch  out  on  cards  a  summery  of  the  output  from  each  radial  point 
so  that  this  information  may  be  fed  as  input  directly  to  the  final 
Resonance  Frequency  Shift  Code  (CW9)  • 

This  code  was  again  written  in  FORTRAN-IV  language .  In  addition  to  Fig  .A-l, 
Appendix  A  contains  the  listing  of  the  program  (Tables  A-VII  to  A-X)  and 
printed  examples  of  the  input  cards  (Table  A-Xl)  and  output  sheets  (Tables 
A-XII  and  A -XIII )  .  Further  discussion  of  the  Main  Control  program  of  this 
CW8  code  given  below  is  confined  to  a  few  brief  notes  on  input,  convergence 
and  running  time,  and  also  some  additional  details  on  steps  (4)  and  (5) 
above  to  obtain  the  important  collisional-radiative  recombination  coefficient 
C  3  and  the  adjustment  of  the  diffusion  coefficients  for  T^  and  Tg  . 
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1 .  Input :  An  example  of  a  set  of  input  cards  to  this  code  is  given 
in  Table  A-XI  in  Appendix  A .  All  of  the  input  data  are  promptly  printed 
out  for  the  record  .  The  two  title  cards  are  read  in  via  "A-conversion"  and 
then  some  of  the  data  are  read  in  via  NAMELIST  statements  and  some  via 
FORMAT  statements.  The  NAMELIST  statements  for  input  are  useful  particu¬ 
larly  for  repeating  a  problem  with  only  one,  or  a  few,  parameters  changed. 
Also  the  NAMELIST  statements  for  computed  output  (e.g.,  MAM1  to  MAMk  in 
Table  A-VIl)  save  much  programming  time. 

2.  Computation  of  Recombination  Coefficient  C^tn^T^);  We  have  added 
to  our  theory  a  method  for  computing  the  temperature  of  the  electron  swarm 
because  we  were  convinced  that  any  elevation  of  thf'  temperature  of  the  elec¬ 
tron  swarm  over  the  ambient  gas  temperature  would  greatly  influence  the 
value  of  the  electron  density  predicted  for  our  theory.  The  influence  of 
an  elevated  electron  swarm  temperature  wiui  be  carried  int  the  reaction 
kinetics  equations  via  a  number  of  the  reaction  rate  coefficients,  but  par¬ 
ticularly,  through  the  reaction  rate  coefficient  C(22)  C^p  for  collisional 
radiative  recombination  for  the  atomic  ion  of  the  minor  gar  species  (A+) . 
Some  additional  discussion  is  needed  to  explain  how  the  value  of  this  impor¬ 
tant  coefficient  is  obtained  — particularly  so,  since  th1  method  now  differs 
from  that  employed  in  the  older  Reaction  Kinetics  Code  (F36) . 

In  the  reaction  kinetics  eqxiations  we  have  already  expressed  thf'  loss. 

5 

of  the  minor  gas  atomic  ion  by  a  3-b°^y  process  as 

C22L0S  =  C2?A+ne2.  (3l) 

However  the  2-body  collisional  radiative  recombination  rate  coefficients 
computed  by  Bates,  Kingston  and  McWhirter,  a(n^,Te),  for  this  process  arc  a 
function  of  the  electron  density  as  well  as  the  electron  temperature  and  in 
terms  of  their  coefficients 


C22L0S  -  a(nc,TG)A+nc 

(32) 

so  we  have 

,  a(vL> 

C22  neJ^e  ng 

(32) 
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In  the  limit  of  high  collision  frequency  (n  — ■»uc  )  the  recombination  rates 
a(ne,Te)  approach  asymptotic  values  O^TjH  and  in  this  limit  the  recombina¬ 
tion  rates  can  be  expressed  analytically  by 

C22(Tc)  ~  2,6  x  10"19(250/(T,°K))5  cm-°sec-1 .  (34) 


In  this  code  wc  use  the  2-body  rate  coefficients  of  Bates,  Kingston  and 
McWhirter  except  that  on  the  first  pass  on  a  new  problem  (Step  (4b)  in  li  t) 
wo  impro  e  the  guess  on  nQ  (for  a(ne,Tj)  by  using  Eq.(l4)  (via  the  function 
FC22(TELl) ,  Table  A-X)  on  our  first  call  to  the  Electron  Density  Subroutine 
(NONLIN)  .  After  this  call  to  NONLIN  all  subsequent  computations  (step  5a  in 
list)  use  a  value  of  ^(n^  T )  computed  according  to  Eq.(33). 

The  values  of  a(ne>Te)  are  read  in  as  a  double-subscripted  array, 

ALFA ( I , J )  at  compile  time  via  BLOCK  DATA  input  (see  Table  A-VIIl)  along 
with  th’  corresponding  electron  density  array  ZNEA(l)  and  electron  tempera¬ 
ture  array  TELIA (j ) .  The  a(ne,Te)  array  is  then  normalized  using  Eq.(34) 


a(,’e,Tc) 


(35) 


After  having  obtained  from  NOWLIN  in  step  4  the  improved  guess  on  the 
electron  density  X(l)  using  TSWM1G  in  Eq.(34)  and  the  input  first  guess  on 
the  plasma  densities,  GUESS:  X(l) , entry  i  made  to  the  normalized  ALFA(l,j) 
array  via  the  function  AC22(TE,ZNE)  in  Table  A-IX  to  perform  a  double  inter¬ 
polation  (using  the  TABXZ  Library  subroutine)  on  both  n  and  T  to  obtain  the 

e  e 

normalized  value 


CAC22  =  AC22(X(l ) , TSWM1G)  . 


(36) 


The  value  of  c22^nejTe^  corresP°nding  to  Eq.(33)  is  given  by 


C(22)  =  FC22  ( TELI =TSWM1G ) *CAC22  (37) 

Finally,  with  this  value  for  the  collisional  radiative  recombination  rate, 

entry  is  again  made  to  the  Electron  Density  subroutine  NONLIN  in  step  5  to 

obtain  the  first  value  of  the  electron  density  n  =n  (TSWM1G)  (and  metar table 

6  0 

density,  Nm=X(6))  to  be  used  as  input  to  the  Electron  Temperature  subroutine 

TELECT  to  obtain  T  =T  (n  ) . 

e  e  e 


3.  Adjustment  of  Diffusion  Coefficients  for  T^  and  Te :  The  ambipolar 

diffusion  coefficient  for  ions  N+  diffusing  together  with  electrons  n  is  given 

by 

p  D  +  p  D 

D  -■*  -  -■■■■■■?  •  (38) 

a  pe  +  p+ 

The  mobility  of  the  ions  (p  )  ir  much  less  than  the  mobility  of  the  electrons 

(u  ) ,  p  «  p  ,  so  if  we  substitute  this  and  the  relation.  D  /p  kT  e  and 
' '  e  r  "  '  e  +  o+  + 

D,/n  kT  /e  in  Eq.(30)  we  get 

00  C  m 


'V<44>  t1 


+  .JL) 


where  p  is  the  ion  mobility  at  star  conditions  of  273°K  and  76O  torr . 

rC4 

When  th<-  ion.  and  electrons  are  in  tl  err  .1  eq  i  librium  Eq.(5,9)  reducer  to  the 
familiar  expression  D  2p  (kT  e)-2D  . 

d  Ot  +  + 

In  our  previous  studies  we  h.ive  used  the  ambipolar  diffusion  coefficient 

5  19  - 0 

at  unit  atom  density,  K  ,  defined  by  K  -n,D  ^  where  n,.(2. 69x10  cm  )  is  the 
number  density  of  at  ..ms  at  760  torr  and  273  °K  and  we  assumed  that  the  elee- 
tr.  ns  were  in  equilibrium  with  th>  ion.  and  neutral  gas  atoms  (T  TqT  )  so 

C  i  rr 


K  (300°K)  2  n..(  — — )n  1.1+  x  1  j1^,!  c-m*1sec"1 

a  UO  'n 


where  p  in  cm^V  ^sec  ^  . 

Ko+ 

We  wish  to  preserve  the  input  values  for  K  (300°K)  and  we  will  adjust  for 

a 

T  and  T  in  terms  of  K  (300°K)  as  fellows.  We  assume  that  the  ions  are  at 
g  auu  e  a 

the  same  temperature  as  th«'  gar  atoms  T+  =  T  and  we  substitute  K  n^D  into 
Eq.(30) 


K  (T  ,  T  )  (B2t)  (1  +  !e_) 

a  B  c  nQ  e  T 

F 

Now  our  previous  quantity  K  (300°K)  is  given  by  Eq.(4l)  as 

cl 

Ka(300°K)  K(  300,  300)  (^±)  (^|^)  x  a 

0 

We  now  write  Eq .  ( 4l)  in  terns  of  (42)  for  each  ion  species  ,1  a 

T  1  t-  T0  /T 

K  ,(T  ,T  )=K  .(300)  (-2— r )  ( - - — L — ) 

a.’Jv  g’  e'  a,  j  3,00'  2  ’ 


In  the  Main  Control  program  we  first  adjust  for  T  and  then  for  T  accord- 

o  C 

ing  to  Eq  .(43) . 
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h.  Convergei ' e  on  (n^jT^)  Solution:  The  Electron  Temperature  sub¬ 
routine  (TOLeCT),  as  described  in  the  previous  Sec.  II  B,  accepts  as  input 
the  electron  density  and  trial  value  of  the  electron  swarm  temperature 
(TELI)  and  returns  a  converged  value  of  the  electron  swarm  temperature 
(TESWRM)  that  is  compatible  with  the  input  value  of  the  electron  density. 
Immediately  upon  return  from  the  TELECT  subroutine,  the  input  value  of  the 
electron  density  (TELI)  is  compared  to  the  output  value  (TESWRM)  and  if  the 
difference  does  not  meet  the  input  convergence  criteria,  all  the  electron 
temperature  dependent  reaction  rate  coefficients  (including  C(22))  are 
readjusted  for  the  new  electron  swarm  temperature  TESWRM)  .  The  Electron 
Density  subroutine  (NONLIN)  is  again  called  for  a  new  value  of  the  electron 
density  ne=ne(TESWKM)  and  the  process  is  repeated  until  the  convergence  cri¬ 
terion  is  met  (—<2-5  iterations  for  a  convergence  of  5  %>  on  T  ) . 

e 

Other  parts  of  the  Main  Control  Program  of  the  Electron  Density- 
Temperature  Code  involve  various  input-output  statements  and  the  manipula¬ 
tion  necessary  to  repeat  the  entire  computation  of  the  (ne,Tj  pair  for  each 
ion  source  rate  (XSR(N))  at  each  of  the  N=NSR  points  along  the  radius  of  the 
microwave  cavity.  Also,  by  using  the  NAMELIST  input  format,  this  entire  pro¬ 
cedure  can  be  repeated  for  a  change  in  any  (or  all)  of  the  input  variables 
by  having  set  the  switch  MORE  to  1  and  adding  an  appropriate  NAMELIST  card 
stating  only  the  name  of  the  changed  variable  with  its  new  value . 

Core  Size  of  Program  and  Running  Time:  The  entire  Electron  Density- 
Temperature  Code,  including  the  (Reaction  Kinetics)  Electron  Density  subrou¬ 
tine  and  the  Electron  Temperature  subroutine,  occupies  about  23,000  cells  of 
core  storage  and  to  obtain  11  (np,Tg)  solutions  for  10  increments  along  the 
radius  of  a  microwave  cavity  requires  about  one  minute  execution  time  on  the 
IPM  7O9U  computer . 

$ .  Output  for  an  Example  Problem:  The  printed  output  for  an  example 
problem  is  displayed  in  Tables  A-XII  and  A-XIII  in  Appendix  A.  The  output 
in  Table  A-XII  represents  the  normal  minimum  print-output  with  only  the 
PRNT3  switch  on  (-2).  These  data  are  discussed  in  Section  A-II  of  Appen¬ 
dix  A.  The  output  in  Table  A-XIII  represents  the  output  from  the  CW3  Code 
with  all  of  the  print  switches  on  and  in  particular,  the  intermediate  output 
from  the  TELECT  subroutine  is  displayed .  The  sequence  of  computations  in 


thf  TELECT  subroutine  ir  discussed  in  section  A-III  and  each  step  is  related 
to  the  computed  values  of  this  example  problem.  Also  additional  details  on 
the  physics  of  our  plasmas  are  brought  out  in  the  discussion. 
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Ill ■  RESONANT  FREQUENCY  SHIFT  CODE 


Th"  theory  and  remnant  cavity  techniques  for  measuring  th'  electr  n 

i  3  f  i4 

density  in  a  plasma  with  microwaves  are  well  known."’  We  have  described 
in  some  detail  in  earlier  reports  our  inpile  microwave  measurements  of 
electron  density  for  both  neon-argon  and  argon-cesium  systems  .  There  also, 
wo  reviewed  the  pertinent  microwave  theory  and  explained  the  simplifying 
assumptions  we  had  used  to  analyze  the  experimental  results.  In  particular 
we  assumed  that  the  electron  density  was  uniform  over  the  volume  of  the  cavity. 
The  predicted  values  of  electron  density  from  our  earliest  Reaction  Kinetics 
Code  have  agreed  fairly  well  with  the  values  of  the  average  electron  density 
we  obtained  from  the  measured  shift  in  resonant  frequency  of  the  cavity. 

However  now  with  the  new  Electron  Density-Temperature  Code  for  predicting 
the  electr  ;n  density  distribution  in  the  cavity,  we  can  relate  the  frequency 
shift  ol  a  resonant  microwave  cavity  to  the  electron  density  distribution 
within  that  cavity.  This  improvement  involves  integration  of  the  computed 
electron  density  distribution  over  the  electric  field  within  the  cavity  and 
permits  us  to  make  use  of  the  following  additional  information  obtained  in 
the  experiments  . 


We  had  designed  our  microwave  cavity  to  operate  in  the  fundamental  TM02^ 
mode.  However  we  found  in  our  injile  measurements  that  as  we  swept  over  a  large 
range  of  input  microwave  frequenry  that  other  fundamental  modes  of  the  cavity 
had  been  excited.  The  information  that  we  desire,  that  is  the  electron  density 
distribution,  is  contained  in  the  frequency  shift  for  each  of  these  modes 
although  it  does  involve  a  different  distribution  of  the  electric  field  within 


the  cavity.  Even  with  our  simplifying  assumption  of  a  uniform  electron  density 
we  were  able  to  take  advantage  of  these  additional  signals  .  At  the  higher 
valuer  of  neutron  flux  and  electron  density  in  the  argon-cesium  system  the 
re.  .inant  frequency  of  our  fundamental  mode  would  shift  to  such  an  extent 

that  the  signal  would  disappear  in  the  noise  either  because  of  decreased  coup¬ 
ling  through  the  microwave  window  or  because  the  signal  moved  out  of  the  effec¬ 
tive  range  of  the  microwave  generator.  However,  before  this  signal  had  disap¬ 
peared  off-scale,  signals  from  other  modes  had  appeared  and  particularly  the 
strong  mode .  This  signal  had  a  vacuum  resonance  frequency  below  the 

effective  range  of  the  microwave  generator  and  therefore  could  be  followed, 
once  it  had  appeared,  up  to  the  maximum  electron  density  generated. 
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In  this  section  we  first  set  down  the  basic  equations  from  microwave 
theory  that  we  need  to  solve  for  the  shift  in  resonance  frequency  as  a  func¬ 
tion  of  the  electron  density  and  electric  field  distribution  within  the 
cavity.  Then  we  list  the  equations  for  the  electric  fields  of  the  normal- 
modes  of  the  cylindrical  cavity  in  terms  of  the  Bessel  functions  and  their 
derivatives  and  finally  we  describe  the  computer  code  which  performs  the 
many  numerical  intergrations  necessary  to  obtain  the  predicted  shift  in  reso 
nant  frequency  for  the  particular  fundamental  mode  desired. 


A.  Microwave  Theory 

1,  Frequency  Shift  of  the  Cavity:  The  equations  which  express  the 

change  in  the  resonance  properties  of  a  microwave  cavity  with  the  introduc- 

12  12 

Hon  of  a  plasma  were  first  derived  by  Slater  and  developed  by  others . 

We  have  reviewed  this  theory,  as  it  applies  to  our  experiments,  in  a  previous 

report''’  and  described  how  these  relations  led  to  the  well  known  formula  which 

relates  the  shift  in  the  resonant  angular  frequency  (  Au>  )  of  a  microwave 

cavity  to  the  electron  density  distribution  na(r)  and  electric  field  distri- 

12,1b 

bution  E(rJ  within  the  cavity: 


AaJ 

^o 


1 

2 


2 

e 


:  m 
o  e 


.i  *  \L0 


no(r)  E2(r)4r 
E"(r)dr 


(4b ) 


The  validity  of  this  expression  depends  upon  Aul  «  U>0>  where  uo  is  the  reso. 
nant  frequency  of  the  empty  cavity.  In  this  expression  e  and  are  the 
electronic  charge  and  mass  of  the  electron,  £  is  the  permittivity  of  free 
space,  vf  is  the  average  collision  frequency  of  the  electrons  and  V  is  the 
volume  of  the  cavity. 

Now  we  do  not  have  available  the  full  distribution  of  electron  density 
nc (r)  from  our  theory,  but  from  the  Electron  D-  n city- Temperature  Code  (CW8) 
described  in  Section  II  we  can  compute  ng(r,z=d/2)  along  the  mid-height 
radius  of  the  cavity.  Later  in  the  analysis  of  the  data  in  Section  IV  we 
will  assume  the  electron  density  uniform  in  the  axial  direction  z;  neverthe¬ 
less,  in  this  computer  program  for  solution  of  Eq.(4b)  we  shall  maintain  more 
generality  and  provide  the  means  for  an  axial  variation  of  ne  if,  and  when, 

xThe  presence  of  un-ionized  gas  does  net  significantly  perturb  lu  . 

o 
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that  variation  becomes  available.*  We  do  this  by  assuming  that  the  electron 
density  distribution  can  be  expressed  in  a  functional  form  with  complete  sep¬ 
aration  of  the  variables  r  and  z,  viz. 


n  Or)  =  n  F  (r)  F  (z) 

e  o  r  z 

(■*5 ) 

where 

nQ  =  n(r  =  0,  z  =  d/2) 

(it6 ) 

and  0  «  F  (z)  ^  1  and  0  i  F  (r)  ;f  1. 

z  r 

If  we  write  Lu  =2nf^,  where  f  is  the  microwave  frequency  in  cps,  and  use 
Eq.(45)  in  ( 44)  we  obtain 


(W) 


08) 


(49 ) 


nQ  is  computed  in  the  CW8  code  and  we  have  also  shown  in  Eq.(27)  in  Section 
IIB.2  how  to  obtain  from  the  output  of  the  CW8  code. 

We  wish  to  evaluate  f  and  G(:r)  'in  general  terms  in  order  that 
the  code  be  applicable  to  any  normal-mode  of  the  cavity. 


*  If  the  plasma  were  completely  controlled  by  axial  diffusion  (i  .e .  n  -n0coar(z/d-l/2)) 
then  <ne>=0  .64  nQ .  With  appreciable  recombination  loss,  as  we  expect,  the  correc¬ 
tion  would  be  somewhat  less.  However,  the  actual  axial  correction  in  Eq.(48) 


depends  also  upon  the  axial  variation  of  the  electric  field  for  the  particular 
mode.  This  is  of  some  convenience  since  as  we  shall  see  later,  E^Or)  in  Eq.(44) 


for  our  cavity  can  also  he  expressed  as  a  sum  of  terms  each  of  which  has  com¬ 
plete  separation  of  the  variables  and  z  viz.  E2r=  |*FEi(r)FEi(z) .  A  distribu¬ 
tion  function  ne(r,z)  could  also  be  handled  by  numerical  techniques  with  a 


modest  increase  in  programming  complexity. 
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2.  Normal -Mode  Fields  for  a  Right  Circular  Cylinder  :  The  normal -mode 
fields  in  a  completely  lo: sless  cavity  are  obtained  by  solving  Maxwell's 
equations  subject  to  the  boundary  conditions  that  E  be  normal  to  all  boundary 

-A 

surfaces  and  H  be  tangential.  The  solutions  are  essentially  a  set  of  charac- 

-Jfc  — 

teristic  resonant  frequencies  and  vector  functions,  E  and  H,  describing  the 
spatial  configurations  of  the  normal-mode  fields.  The  normal-mode  fields  of 
a  cavity  are  conveniently  divided  into  two  sets,  transverse-electric  and 
transverse -magnetic  modes  where  the  axis  of  reference  for  a  right  circular 
cylinder  is  along  the  cylinder  axis  z.  The  transverse  electric  TE-modes  have 
no  E  components  along  z  and  the  transverse  magnetic  TM-modes  have  no  H  com¬ 
ponents  along  z  .  The  normal  modes  are  further  defined  in  terms  of  three  inte¬ 
gers  JL,  m  .  n .  For  the  TE-modes 

Ji  =  number  of  full-period  variations  of  E^  with  respect  to  ft 

m  =  number  of  half -period  variations  of  E0  with  respect  to  r,  and 

n  =  number  of  half -period  variations  of  E-,  with  respect  to  z  . 

For  1M -modes,  the  integers  are  correspondingly  defined  in  terms  of  the  compon¬ 

ents  of  H.  The  normal-mode  fields  are  expressed  in  terms  of  trigonometric 
and  Bessel  functions . 

The  resonant  frequencies  of  the  (empty)  microwave  cavity,  f  ,  are  given 
in  terms  of  the  roots  of  the  Bessel  functions  and  the  dimensions  of  the  cavity 

as 


where  c  =  velocity  of  light  (cm  sec  ±)  and  and  d  are  the  radius  and  height 
of  the  cavity  in  cm.  The  quantities  Xj ^  are  given  in  terms  of  the  roots,  and 
derivatives  of  the  roots,  of  the  Bessel  functions  as  follows 


Xn  =  m^  root  of  J.  (x)  =0  for  the 
Jm  t 

Xgm  =  m^  root  of  J^(x)  =  0  for  the 

These  roots  are  listed  later  in  the  input  to  the  code 
The  normal-mode  electric  fields  are  given  by  the 
For  the  TE-modes,  (k-jr) 


Er  *  -i 


kjr 


sin  sin  k. 


E 


g  =  -  (k^r)  cos  2$  sin  k0  z 


E  = 
z 


TE-modes.;  (51 ) 

TM-modes;  (52) 

in  Table  B-IV, Appendix  B. 
following  equations: 

z  (53) 

,  n  =»  0 
/  > 


0 
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m=*  0 


(5M 

(55) 


For  the  1M -modes, 


E 

r 

"  k  ^ 

cos  W©  sin  k^z 

(56  ) 

Ee  “ 

k3  J^Lr) 
k  k^r 

sin  Ji 9  sin  k^z 

^  m=- 0 

(57) 

E  = 

z 

kl  J  (k  r) 

k  c 

cos  £$  cos  k_,z 

/ 

(58) 

where 

X, 

k  =  JS. 

1  P2 

(m  ■=»  0) 

(59) 

,  n  n 

k3  ‘  — 

(n  »  0) 

(60) 

k  =  V  k^2 

2  ' 

+  k3 

(61) 

We  have  now  to  use 

these  equations  to  evaluate  G(r)  in  Eq. 

(48).  First, 

we  note  that  the  square  of  the  electric  field  appears  in  Eq.(48).  Second,  we 
observe  that  although  we  plan  for  a  variation  of  ng(r)  through  the  functions 
Fr(r)  and  F?(z)  in  Eq.(48),  we  expect  no  variation  of  the  electron  density  in 
the  azimuthal  direction  0  and  we  can  immediately  integrate  out  the  0  dependence 
in  the  electric  field  components  .  We  do  not  include  here  the  intermediate 
steps  in  the  derivations  but  instead,  we  set  down  the  final  equations  used  to 
evaluate  G(r)  in  Eq.(48).  Also  we  mix  nomenclature  and  define  some  of  the 
functional  terms  by  their  FORTRAN  variable  names  that  we  shall  use  later. 

First,  we  rewrite  Eq.(48)  in  terms  of  the  FORTRAN  variable  names  for  the  inte¬ 
grals  in  the  numerator  (XNUM)  and  denominator  (XDEN)  as 


G(r) 


XNUM 

XDEN 


(62) 


For  the  TE-modes  we  have : 

XNUM 


(63) 
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where 


rd 

J  F^(z)  sin2(k.,  z)  dz 


f  J.2(V) 

XR1  --J  Fr(r)(-t— _£_)  dr 

o 


/  2 

F  (r)  (j  (k..r)  r  dr 
*  £  1 


XDEN 


where 


f  E2(r)dr  -  .,[vzs(-^ 

V  L  kl 

d 

VZS  sin2  (k^z)dz  =  I 

°  02 

VR1  =  f  J/(klr)  ( 

./  v 


VR1  +  VR2) 


VR2  = 


,'pp  /  2 

=  /  jJ,  (Exr)r  dr 

-»o 


For  the  TM-modes  we  have: 


XliUM  =  n 


//2  k2  k  £ - 

XZS  (XR2  +(-At)4-4-)XR1)  +  XZC(-4*)  XR3 
kx2  k* 


where 


/r  tl 

=  J  F,  (s)cos2  (k_  z)dz 


2  F  (r)  J.  (k  r)  r  dr 
rv  X  x 


l2  k^2  kl^ 

md  XDEN  n  VZS(VR2  +  (r=?)  (-*-)VRl)  +  VZC(-r?)VR3 

k  k 


where  VZC  -  J  cos'"'  (k_z)dz  =  |  (75) 

o 

Pp  2 

VR3  J n  (k  r)  r  dr  w6) 

J  o  £  1 

We  note  that  the  expressions  for  XNUM  and  XDEN  above  are  composed  of  terms, 
which  are  products  of  integral:  our  one  variable  (r  or  ::)  and  wc  can  perform 

X 

the  overall  integrations  in  separate  steps  . _ _ _ 

*For  the  more  general  distribution  function  ne(r,z)  we  w  uld  have  perl ormed  the 
integration  O' er  r  and  z  in  nested  FORTRAN  DO-loops . 
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Before  we  take  up  the  computer  program  for  the  solution  of  these  equations 
we  set  down  an  important  recursion  formula  which  expresses  the  derivative  of 
a  Bessel  function  of  integer  order in  terms  of  the  Bessel  function  of  order 
and  ,t+  1 

Ji  b)  =  $  -Jj,+1(y)-  (77) 

We  will  make  use  of  this  expression  to  obtain  the  derivative  of  a  Bessel 
function  in  conjunction  with  a  FORTRAN -subroutine  for  evaluating  the  Bessel 
function  Itself . 

Later  in  the  analysis  of  the  experimental  microwave  data  we  will  find  it 
convenient  to  compare  experiment  and  theory  in  terms  of  an  "electron  density” 
lather  than  the  frequency  shift.  We  do  this  in  terms  of  an  electron  density 
averaged  over  the  square  of  the  electric  field  in  the  cavity.  From  Eq.(49) 
we  have 

4.03  X  10^ 

e  ’-o 

where  now  both  sides  have  the  dimensions  of  electron  density,  cm~^.  We  com¬ 
pute  the  right-hand  side  from  theory  and  call  it  the  theoretical  average 
electron  density  (see  also  Fig.  l)  . 


1  ♦  v  2/.,  2 


nQC(r) 


(7«) 


^  Theo . 
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uJr 


nQG(r) 


(79) 


or 

as  in  Fig  .  1 . 


f 

_ o 

4.03  x  10T 


-fTheo. 


(80) 


We  compute  the  left-hand  side  of  Eq.(78)  using  the  measured  resonant  frequency 
shift  and  call  it  the  experimental  average  electron  density 


^e/Bxp 


f 

o 


W.03  x  10^ 


(81) 


This  value  is  a  constant  times  a  measured  quantity, 
depend  upon  the  mode  of  the  cavity. 


Both  A  f-p  and  f 
^  Exp,  o 
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B.  Computer  Code  (CW9) 

The  computations  described  above  are  somewhat  tedious  in  that  they 
require  a  number  of  numerical  integrations  with  the  proper  switching  to  per¬ 
mit  computation  for  a  number  of  cavity  modes;  nevertheless,  no  iteration 
techniques  are  involved  and  the  problem  is  a  straigh -through  computation. 
This  Resonance  Frequency  Shift  Code  (CW9)  was  written  in  FORTRAN-IV  language 
for  the  IBM-7094  computer  and  the  flow  diagram ^ source  program  listings  and 
input-output  examples  are  presented  in  Appendix  B.  For  the  numerical  inte¬ 
grations  we  use  the  subroutine  SIR  together  with  the  tabular-function  sub¬ 
routines,  DUMMY  and  FURCT.  These  subroutines  have  already  been  described  in 
Section  IIB.3.  We  had  available  a  FORTRAN-IV  library-subroutine  "BESSEL" 
to  compute  the  various  Bessel  functions  and  this  was  used  in  conjunction 
with  the  recursion  Eq.(77)  to  evaluate  the  Bessel  function  derivatives. 
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IV.  ANALYSIS  OF  INPILE  MICROWAVE  DATA 


lu  the  previous  two  sections  of  this  report  we  have  described  how  we 
calculate,  with  the  aid  of  a  digital  computer,  an  average  electron  density 
for  our  inpile  microwave  cavities .  We  recall  that  the  reaction  kinetics  equa¬ 
tions  Tor  electron  density  discussed  in  earlier  ONR  reports  now  form  part  of  a 
more  comprehensive  theory  which  both  determines  and  takes  into  account  non¬ 
equilibrium  electron  temperatures  and  non-uniform  electron  density  distributions 
within  the  cavity.  In  the  following  section  we  present  electron-density  results 
from  this  theory  and  compare  them  with  our  previously  reported  inplle  microwave 
measurements  of  average  electron  density. 

In  order  that  we  might  exhibit  the  influence  of  the  non-equilibrium  elec¬ 
tron  temperature  apart  from  the  effects  due  to  the  ron-uniform  density  distri¬ 
bution  and  other  changes  of  lesser  importance,  we  have  written  a  modified  ver¬ 
sion  (CW8-B)  of  the  CW8  code  in  which  all  computations  were  the  same  except 
that  we  set  Te=Tgas  .  Computations  from  this  CW8-B  code  without  electron  heat¬ 
ing  will  be  compared  with  the  predictions  from  our  new  theory. 

Most  of  the  analysis  presented  in  this  section  is  for  the  neor, -argon  micro- 
wave  data.  However,  we  do  report  on  a  few  computer  runs  for  the  argon -cesium 
system  but  these  last  results  confirmed  our  previous  conclusions  in  section 
IIA.3  that  the  electron  temperature  theory  must  be  modified  for  the  argon- 
cesium  system  to  include  inelastic  collisions.  Finally,  we  outline  our  plans 
to  modify  the  Electron  Density-Temperature  Code  to  account  for  che  major 
inelastic  losses  in  the  energy  decay  of  the  energetic  electrons  and  for  the 
fractional  increase  in  ion  generation  rate  that  accrues. 

A.  Microwave  Experiment 

The  microwave  measuring  circuit  and  resonant  cavity  have  been  described 
2 

in  detail  previously.  We  shall  review  here  only  those  details  needed  to 
explain  the  limitations  on  our  variation  of  the  operating  conditions .  We  used 
K-band  microwaves  from  a  sweep  generator  (H.P.696A)  with  an  effective  range  of 
22.0  to  26.5  GHz.  The  microwave  cavity  was  supported  at  the  end  of  a  long 
length  (<>j20  ft)  of  waveguide  inside  an  aluminum  containment  tube.  This  3  inch 
o .d .  aluminum  tube  was  placed  in  a  reflector  position  at  the  edge  of  the  reac¬ 
tor  core .  For  the  inpile  runs  on  the  neon-argon  cavity  the  neutron  flux  was 


k2 


varied  by  changes  in  reactor  power.  For  the  inpile  runs  on  the  argon-cesium 
cavity  the  reactor  power  was  held  constant  at  2 .0  MW  and  the  entire  microwave 
assembly  (including  the  generator)  was  lifted  vertically  by  a  screw-jack  so 
that  the  microwave  cavity  could  be  moved  from  the  maximum  neutron  flux  posi- 

“jo  P  *1 

tion  at  the  tnid-plane  of  the  core  ($  c-*l  .4x10  -’em”  sec"  at  P=2MW)  to  a 

max 

minimum  flux  about  1  ft  above  the  core  0  -004  <’max)  • 

The  neon-argon  and  argon-cesium  cavities  had  the  same  overall  dimensions : 
o .d .=2 .272  cm,  height=0 .7  cm  with  a  U-235  foil  0.001  inch  thick  and  1 .9  cm  in 
diameter  bonded  to  the  inside  surface  of  one  end  cap .  For  the  neon-argon 
cavity  we  directed  the  end  of  a  small  (— >l/4  inch  o.d.)  tubing  at  the  outside 
surface  of  this  end  cap  so  that  the  fission  heat  could  be  dissipated  by  a 
cooling  stream  of  nitrogen  gas  .  For  the  argon-cesium  cavity  an  enlarged  pump¬ 
out  tubulation  became  the  cesium  reservoir  and  we  directed  another  nitrogen 
gas  cooling  tube  at  this  reservoir  to  give  some  control  of  bath  temperature. 

The  important  point  to  these  design  details  is  that  we  were  very  limited  in 
our  ability  to  vary  the  gas  temperature  inside  the  cavity  since  the  modest 
fission  heat  (—'  80  watts  max)  depended  upon  the  neutron  flux  and  we  could  vary 
the  average  temperature  of  the  cavity  walls  from  the  condition  for  maximum  N^ 
cooling  ( — -  320 °K)  to  the  condition  for  no  Ng  cooling  (-^750°K  for  maximum  neu¬ 
tron  flux)  .  For  the  argon-cesium  cavity  we  were  further  limited  in  maximum 
average  cavity  temperature  by  the  heat  dissipation  needed  to  control  the  tem¬ 
perature  of  the  cesium  bath.  Had  we  anticipated  the  anomalous  dependence  of 
electron  density  on  the  wall  temperature  of  the  argon-cesium  cavity  we  could 

have  added  to  the  design  an  oven  similar  to  that  employed  on  our  argon-cesium 

5 

ionization  tube . 

We  constructed  and  operated  inpile  only  one  neon-argon  cavity  (Uo.l4)  and 
one  argon-cesium  cavity  (No.  16)  of  this  design.*  The  neon-argon  cavity  was 
filled  to  a  gas  pressure  of  90  torr  (Ne=N  =2.9x10  cm”  )  with  a  mixture  of 
Ar/Ne=l  .0x10"^ .  The  argon-cesium  cavity  was  filled  to  a  gas  pressure  of 

90  torr  (Ar=N  =2  ^xlO1®™”3)  of  argon  and  by  adjusting  the  cesium  bath  tempera- 

0  -6-3 

ture  we  were  able  to  vary  the  mixture  of  Cs/Ar  frorrwlxlO  to 1x10 

*One  previous  inpile  run  had  been  made  on  a  neon-argon  (Ar/Ne=10“  >)  cavity 
(No. 9)  with  different  dimensions  (d=0.5  cm).  This  cavity  was  operated  without 
a  sweep  generator  and  only  one  data  point  was  obtained  before  the  cavity 
failed  .1 


— *  Analysis  of  Neon-Argon  Microwave  Data 

Most  of  the  inpile  data  on  this  cavity  were  taken  for  the  condition  of 
maximum  N^gas  cooling,  viz.,  minimum  average  cavity  (or  gas)  temperature, 
and  the  neutron  flux  was  varied  by  varying  the  reactor  power  .  We  will  present 
this  data  as  a  function  of  neutron  flux  but  before  we  can  compute  a  predicted 
curve  from  our  theory  we  must  select  from  the  experimental  data  values  which 
are  representative  of  the  average  gas  temperature  at  each  value  for  the  neu¬ 
tron  flux.  Also,  two  inpile  runs  were  made  at  two  different  but  fixed  values 
of  neutron  flux  in  which  the  temperature  of  the  cavity  was  varied  from  the 
minimum  to  the  maximum  temperature  obtainable  within  the  limits  of  the  N  gas 
flow.  These  data  will  be  presented  separately  together  with  the  values  of 
eiectron  density  predicted  from  theory.  In  all  cases  we  will  present  the  data 
as  points  on  a  graph  with  the  predictions  from  our  theory  as  a  solid  curve . 

We  also  include  the  computed  values  from  the  CW8-B  code  as  a  dashed  curve  to 
show  by  comparison  the  effect  of  the  elevated  electron  swarm  temperature . 

1.  Average  Gas  Temperature^^;  Chromel-alumel  thermocouples  were 
spot-wexaea  xo  the  center  of  the  outside surface  of  each  end  of  the  cylindrical 
cavity.  We  recorded  temperature  measurements  for  both  the  thermocouple  on  the 
end  containing  the  uranium  (l^, °K)  and  the  thermocouple  on  the  bare  Kovar-end 
(Tp£,  °K) .  We  define  the  average  gas  temperature  as 

^gas^av  “  1//2  <TU  +  '  (82) 

A  plot  of  this  average  temperature  of  the  cavity  walls  versus  the  neutron  flux 
is  presented  in  Fig .  4  for  the  last  two  runs  on  the  cavity.  The  circular  data 
points  are  for  the  condition  of  maximum  cooling  and  most  of  our  microwave  meas¬ 
urements  were  taken  at  higher  values  of  neutron  flux  (21012cm"2sec_1) . 

The  solid  curve  drawn  through  the  data  points  was  used  to  obtain  values  for 
V<Wav  for  the  computer  runs.  Values  for  the  computed  electron  swarm 
temperature  are  shown  by  the  dashed  line  but  these  will  be  discussed  later. 

2^  Reaction  Rates:  Input  values  for  the  reaction  rate  coefficients  for 
the  reaction  kinetics  equations  in  the  Electron  Density  subroutine  have  been 
presented  for  the  example  problem  in  Bible  A-XII  (page  A-22).  Most  of  these 
values  were  discussed  in  a  previous  report5  and  those  coefficients  whose  values 
have  been  changed  will  be  discussed  now.  The  new  method  of  computing  the 
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Computed  electron  'vara  temperature  T  ,  and  average  temperature  of  microwave  cavit; 
as  functions  of  neutron  flux.  Those  fata  are  for  the  condition  of  maximum  cooling 
rate  of  the  cavity. 


important  collisional  radiative  recombination  coefficient  C22(n  ,T  )  has  been 
discussed  in  section  Il’D.2.  A  dependence  on  electron  temperature  has  also 
been  built  into  the  dissociative  recombination  coefficient  for  the  general- 
x  od  reaction  N2++e  — *■  2Nq  and  for  the  dissociative  recombination  coefficient 
Cal  for  the  generalized  reaction  A2+  +  e”-*-  2A  as: 


Cl6<Te> 

=  Cl6(300°K)  (300/Te,°K)El6 

(83) 

and 

c2i(Te) 

=  C21(300°K)  (300/Te,°K)E21 

(84) 

where  El6  and  E21  are  the  input  FORTRAN  names  of  the  exponents  in  the  simple 
power  law. 

Frommhold  and  Biondi  7  have  studied  the  temperature  dependence  of  the  dis¬ 
sociation  recombination  of  Ne2+  and  ions  and  found  that  a(Ne2+)  decreases 
slowly  with  Te  for  300  =  TeS  3000°K  and  T+=  Tg  =  300°K.  They  indicate  that  the 
closest  simple  pow_r  law  to  fit  the  data  is  a  Te-1/3  variation.  Therefore  we 
ret  El6=0.333  in^Eq.(83)  and  use  the  previous  discussed  value  of  C^(300°K)  = 
2.2x10  7cm3sec  1  from  the  studies  of  Oskam  and  Mittelstadt  .l8  HesSl9  has  also 
reported  for  neon  that  a(Ne2+)  varies  as  Te"°‘2^  for  300« Te«c  600°K  and  varies 
as  Te-0^  for  900<Te<  2400°K.  These  numbers  are  in  good  agreement  with  the 

simple  power  law  we  have  selected  . 

20 

Fox  and  Hobson  have  reported  for  shock  tube  experiments  that  a(Ar2+) 
varies  as  T'7  2  for  1000^ T< 3000°K .  Even  though  the  gas  atoms  and  ions  prob¬ 
ably  also  reach  elevated  temperatures  in  these  experiments,  the  relative  velo¬ 
city  of  approach  of  the  ion  and  electron  is  given  essentially  by  the  electron 
velocity,  so  we  select  E21=1.5  in  Eq.(84)  and  use  the  previous  value  of  C2 
(300°K)=6.7xl0  7cm3sec  1  also  from  the  studies  of  Oskam  and  Mittelstadt.1^ 

We  have  explained  how  the  diffusion  coefficients  for  the  ions  are  adjusted 
for  Tg  and  Tg  in  section  IID.3.  Phelps21  has  found  that  the  neon  metastable 
states  have  a  temperature  dependence  for  their  diffusion  coefficient  of  T0'73 
for  77^T^500°K.  We  have  therefore  provided  for  a  simple  power  law  variation 

of  in  the  code  for  adjustment  for  the  gas  temperature  in  terms  of  the  input 
value  K  (300°K) 

1,1  T  EKM 

Km(V  -  kb<300'k)  (-6-)  (85) 
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where  EKM  is  the  input  FORTRAN  name  cf  the  exponent .  For  the  neon  metastables  Nem 

Q  *|  *i 

EKM=0.73  and  Km(300°K)=5  .5x10  cm"  sec"  as  derived  in  Reference  (5)  from  the 
work  of  Phelps.21 

3 .  Ion  Generation  Rate :  We  have  described  in  an  earlier  ONR  report^  our 
ion  generation  rate  theory  and  the  QOO  code  by  which  we  compute  the  ion  source 
rate  at  each  point  in  the  tube  (S+("r))  from  the  properties  of  the  fission  frag¬ 
ments,  the  properties  of  the  gas  and  the  geometry  of  the  tube.  Also  in  Refer¬ 
ence  (5)  we  gave  values  for  the  important  properties  of  the  fission  fragments 
and  the  gas  constants  (for  both  Ne  and  Ar)  .  To  obtain  the  values  of  ion  source 
rate  S^( =S+/N  )used  in  these  neon-argon  studies  we  made  a  run  with  the  QOO  Code 
for  the  geometry  of  the  microwave  cavity  and  a  gas  filling  of  pure  neon  at  90 
torr  pressure  (Nq=2.9x10  cm  j .  Previous  to  our  inpile  microwave  runs  we  had 
calibrated  the  reactor  neutron  flux  inside  a  mockup  of  our  microwave  cavity 
with  gold -activation  techniques .  For  the  Q00  Code  computation,  then,  we  obtain 
the  total  fission  cross  section  (  of  the  fission  fragment  source  directly 
from  the  composition  of  the  uranium-nickel  film  without  adjusting  for  neutron 
attenuation  in  the  support  structure :  0  .12  vol .  fract .  of  nickel  wi ch  0  .88 

vol .  fract.  of  uranium  of  93  7«  enrichment  and  density  of  18.7  gm  cm"^  yields 
^=21.7  cm  1  for  a~(U-235)=502b  and  0.95  self- shielding .  The  light  fission 
fragment  range  is  6.62x10  cm  and  the  heavy  fragment  range  is  5.05x10  cm  for 
this  U-Ni  alloy. 

17  -2  -1 

For  an  input  neutron  flux  of  $=1.0x10  cm  sec  the  QOO  Code  gave  a 
value  of  Sp=S+/N0=l  .86xlO”3sec"^ ,  We  made  the  inpile  microwave  runs  at  speci¬ 
fied  values  of  reactor  power  (P)  and  since  the  flux  calibration  gave  $  = 

1  .^5xl01^cm  2sec  1  for  P=2  .1  MW  we  have  S^=S+/NQP2il  •30xl0"^sec"1M'W"1 . 

For  the  fission  fragment  generation  rate  of  neon  metastable  states  we 

have  used  S  ^,=0.465  .  This  value  was  computed  from  our  reaction  kinetics 

theory  and  was  verified  by  two  inpile  runs  with  our  ion  generation  rate  tube 

5 

for  pure  neon  and  a  neon-argon  mixture . 

The  distribution  of  the  ion  source  rate  along  the  mid -height  radius  of 

the  tube  as  determined  from  the  QOO  Code  run  was  used  to  obtain  the  source 

rates  printed  out  for  the  example  problem  in  Table  A-XIl(page  A-31)  in  Appen- 

1  p  -P  -1 

dix  A.  The  source  rates  for  that  problem  (P=1MW, $=6.9x10  cm"  sec"  )  is 
plotted  in  Fig  .5  versus  the  radial  distance  from  the  center  of  the  tube  .  The 
CW8  code  output  for  the  electron  swarm  temperature  and  the  electron  density 
are  also  plotted  versus  r  in  Fig .  5 . 
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4.  Electron  Density  Versus  Neutron,  Flux:  With  the  input  data  as  des¬ 
cribed  above  and  the  gas  temperatures  as  obtained  from  Fig.  4,  the  following 
computer  runs  were  made,  first  on  the  CW8  code,  and  then  on  the  CW9  code. 


TABLE  I .  CW8  Computer  Runs 


Run  No . 

Reactor 
Power,  kW 

Neutron  Flux 
cm-2  sec-1 

0 

EH60 

Spsec4 

109.1 

1 

6.9  x  109 

322 

1.300  x  10"^ 

109.2 

3.16 

2.18  x  1010 

323 

4.108  x  10~( 

109.3 

10 

6.9  x  1010 

326 

1.300  x  10"5 

109.4 

31.6 

2.18  x  1011 

329 

4.108  x  10'5 

IO9.5 

100 

6.9  x  1011 

333 

.4 

1.300  x  10 

109.6 

316 

2.18  x  1012 

345 

4.108  x  IQ-4 

109.7 

1000 

1 P 

6 .9  x  10 

405 

1.300  x  10’" 

109.8 

3160 

2.18  x  1013 

555 

4.108  x  10"3 

For  each 

of  these  runs  electron  densities 

and  temperatures 

were  obtained  at 

11  points  along  the  mid-height  radius  of 

the  cavity  as  in 

Run  IO9.7  in 

Table  A-XII  (page  A-3l) .  The  electron  temperatures  computed  for  the  center 
of  the  cavity  are  plotted  versus  the  neutron  flux  in  Fig.  4.  At  the  lower 
values  of  neutron  flux  the  electrons  are  heated  only  slightly  above  the  gas 
temperature.  However  as  the  ion  generation  rate  (S^)  increases  with  neutron 
flux,  the  energy  input  to  the  electron  swarm  (E  in  Eq.(3))  increases  and 

1713.  X 

the  electron  swarm  temperature  increases  much  more  rapidly  than  the  gas  tem- 


TO  __ 

perature  and  at  a  high  neutron  flux  of  1.0x10  “cnT^sec  J",  T^  si  440 °K  while 
Te(r=0)=*900°K. 


-1 


The  CW8  code  output  distribution  of  electron  density  along  the  mid -height 

radius  of  the  cavity  was  fed  as  input  to  the  CW9  code  for  the  TM^q  mode  and 

the  computed  average  electron  density  output  is  plotted  as  the  solid  curve  in 

Fig.  6.  The  experimental  values  are  plotted  (see  Eq.(8lD  as  points  and  the 

fit  is  seen  to  be  very  good  ( error 20 7o)  . 

The  experimental  points  which  are  represented  as  squares  in  Fig.  6  were 

actually  taken  with  no  cooling  of  the  cavity.  For  the  data  points  at  ^clO11 
-2  -1 

cm  sec  there  was  little  heating  of  the  cavity,  however,  for  the  point's 

11  12  .2  -1 

where  10  « 0  «e 10  cm  sec  the  average  gas  temperature  was  higher  than  the 

values  taken  from  the  curve  in  Fig.  4  and  therefore  the  fit  between  experiment 
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and  theory  below  *^1012  cm"2sec"1  is  even  better  than  shown.  Above  0-^2xl012 
cm-2sec_1,  the  experimental  data  dip  slightly  (5  20%)  below  our  theoretical 
curve.  We  offer  no  explanation  of  this  slight  deviation.  The  fractional 
loss  of  ions  by  diffusion  is  very  small  even  at  the  higher  electron  tempera¬ 
ture  (DIFFRN=0 .13,  Table  A-XIl(page  a-27))  and  so  our  assumption  of  no  axial 
variation  of  ng  yields  only  slightly  higher  computer  values  for  <ng>. 

The  dashed  curve  from  the  ^6-B  code  for  Tg=Tg  produces  values  consider¬ 
ably  lower  than  the  experimental  data  and  the  difference  in  <ne>^eo  is  Pr0” 
portional  to  T  -T  in  Fig.  k.  We  consider  this  difference  in  the  fit  of  the 
two  computed  curves  as  further  confirmation  of  the  non-equilibrium  condition 
that  we  predict  for  our  plasmas . 

Some  of  the  more  Important  reaction  rates  are  listed  in  Thble  II  as  a 
function  of  the  neutron  flux .  Also  listed  are  the  solutions  for  the  six 
important  species  of  the  plasma  and  both  the  reaction  rates  and  density  of 
species  were  computed  for  a  point  at  the  center  of  the  tube.  In  all  of  these 
cases,  Ar+  is  the  major  ion  species  and  the  primary  ion  Ke  is  lost  by  3-body 
molecular  ion  formation  to  Ne^  followed  by  rapid  dissociative  recombination. 

At  low  values  of  ng  (at  low  neutron  flux)  Ar  is  lost  by  molecular  ion  forma¬ 
tion  and  diffusion  while  at  higher  values  of  ng,  the  collisional  radiative 

recombination  rate  becomes  predominant . 

5.  Electron  Density  Versus  Average  Gas  Temperature:  Two  inpile  runs 
were  made  at  two  different  but  fixed  values  of  neutron  flux  ($)  and  the  elec¬ 
tron  density  was  varied  as  a  function  of  <Tgas>*  In  both  cases  (see  Figs.  7 
and  8)  very  little  variation  of  <ng>  with  <T  >  was  obtained. 

In  Fig.  7  for  the  lower  value  of  $=3.5x10  cm  sec  the  fit  of  the  new 
theory  with  electron  heating  (Tgci800oK)  is  good,  particularly,  the  slope 
matches  that  of  the  data.  The  dashed  curve  shows  the  prediction  with  no  elec¬ 
tron  heating  (T  =T  )  and  besides  predicting  values  too  low  the  derivation 
e  g 

&<ney^T  is  too  high.  1 

6jn  Fig.  8  for  the  higher  neutron  flux  ($=1  .txlO^cm  sec  )  the  magnitude 
of  the  predicted  values  from  the  new  theory  with  electron  heating  (Te~1000°K) 
are  higher  than  the  data  as  in  Fig.  5,  however  the  slope  agrees  somewhat  better 
with  the  data  than  that  from  the  CW8-B  code  with  Tg=Tg. 
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Fig .  7 .  Comparison  of  computed  and  experimental  variations  of  the  average 
electron  density  ne  versus  the  average  gas  temperature  ^Tgas^  at 
a  moderate  neutron  flux  of  <t>— 3 cm-^  sec"-1-. 


Fig .  8 .  Comparison  of  computed  and  experimental  variations  of  the  average 
electron  density^.  versus  the  average  gas  temperature  ^Tga£r^  at 
a  high  neutron  flux  of  <I>-=1  AxlO1^  cm"^  sec~^. 
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We  do  not  expect  to  fit  the  argon-cesium  microwave  data  with 


theory  because  as  yot  we  have  not  included  the  terms  for  electron  cooling 
by  inelastic  collisions  .  These  terms  will  be  important  as  the  energetic 
electrons  decay  in  energy  in  the  presence  of  neutral  cesium  atoms.  However, 
we  had  made  some  inpile  microwave  measurements  on  argon-cesium  at  a  very  low 
cesium  to  argon  ratio  (Cs/Ar-  3  .OxlO_,))  where  the  error  due  to  neglecting 
these  inelastic  collisions  should  be  minimal .  We  report  here  on  three  CW8 
code  runs  on  the  argon-cesium  system,  Cs/Ar=l  .OxlO_(  ,  Cs/Ar=3 .0x10"^  and 
Cs/Ar=1.0xl0  and  compare  the  predicted  values  with  experimental  results. 


1.  Reaction  Rate  Coefficients :  Almost  all  of  the  reaction  rate  coef¬ 
ficients  for  the  argon-cesium  system  have  been  discussed  before1'^  and,  of 
course,  many  of  the  important  parameters  for  argon  have  been  discussed  in 
Section  III.  For  the  temperature  dependence  of  the  dissociative  recombina¬ 
tion  rate  for  A we  have  used  the  simple  power  law  in  Eq.(83)  with 
E16-0 . 7  from  the  data  of  Mehr  and  Biondi .  For  the  temperature  dependence 
of  the  similar  rate  C20  for  Cs*  we  set  E20=0.50  in  Eq.(84)  after  Bates  and 
Dalgarno.2^  For  the  volume  destruction  oJ  argon  metastable  states  in  three- 
body  collisions  with  argon  atoms (C^)  we  use  the  value  derived  in  Reference 
(iy(Section  A).  We  have  already  presented  the  momentum  transfer  cross  sec¬ 


tion  for  electrons  in  argon  Q  (- )  in  Fig.  2. 

63. 

For  the  ion  generation  rate,  a  Q00  code  run  on  pure  argon  gave 

s ,  (r=0,7=d/ 2)/DI0=l  .05x10  /2 .9xl0^-®=3  .62x10  ^sec  for  a  neutron  flux 

13  _2  _l 

of  1.0x10  cm  sec  .  Since  the  neutron  flux  calibration  gave  a  value  of 
13  -2  -1 

<0=1.44x10  cm  sec"  at  a  reactor  power  of  P=2  MW  we  have  S  '  =S  /N  P  2.61x10" 
_1  -l  *  1  +'  o 

sec  MW  .  For  the  fission  fragment  production  rate  of  argon  metastable 


states  we  assumed  a  value  of  S^/S^  similar  to  that  computed  for  neon,  that 
is  we  set  S^=0.5  for  argon. 


2.  Comparison  of  Theory  and  Experiment:  The  inpile  microwave  run  on 
argon-cesium  reported  here  was  made  at  a  neutron  flux  of  4>=1 .44xl01^cm"2sec_1 
.The  cesium  to  argon  ratio  was  varied  from  Cs/Ar=3xl0-^  to  1.2x10”'  with  care- 


iul  attention  to  maintain  the  <T  as'av  ~644°K.  We  Ehow  only  the  first  of  four 

Jxjper^mental  TOintfi  .of  this  data . in. Fig.  Q  un  to  Cs/Ar-  1  -Sxlu-5  .  The 

In  our  previous  studies  of  the  Ar-Cs  microwave  data 3  we  have  used  the  aver - 
a6<?  value,  <S+(r)>av,  from  the  Q00  Code  run  which  gave  Si  =2 .40xl0”3nec"^and 
Sx  =1 .73xlO"3sec"^MW_1 . 


<w w 


Uu’cc  code  predictions  for  the  average  electron  density  at  Cs/Ar=10-' \  3xlO-6 

uid  10  arc  Joined  by  the  solid  curve  to  the  code  predictions  for  pure  argon 

((\  Ar  o)  .  Also  shown  are  the  predicted  electron  swarm  temperatures  from  the 

CWO  code  for  the  center  of  the  cavity  and,  for  comparison,  the  predicted 

values  of  for  T  =T  . 

k  Q?  eg 

At  low  Cs/Ar  the  predictions  for  <ng>  from  our  theory  agree  well  with 

the  experimental  data  but  with  increasing  Cs/Ar  the  theoretical  curve  increases 

much  too  rapidly.  We  think  this  is  because  the  electron  temperature  is  not 

quenched  sufficiently  in  the  absence  of  inelastic  collisions  with  the  neutral 

cesium  atoms.  The  values  for  the  CW8-B  code  for  T  =T  are  much  too  low  with 

e  gas 

no  electron  heating.  These  data  certainly  demonstrate  the  critical  importance 
of  the  electron  swarm  temperature . 

D.  Modifications  to  CW8  Code  to  Include  Inelastic  Collisions 

We  have  reexamined  the  kinetics  of  the  argon-cesium  system  in  light  of 
changes  needed  to  account  for  A)  additional  cooling  of  the  energetic  electrons 
by  inelastic  collisions,  B)  additional  cooling  of  the  electron  swam  by  inelas¬ 
tic  collisions  and  C)  increase  in  the  generation  rate  of  Cs+  ions  from  A)  and 
B). 

Wc  shall  not  go  into  the  complexity  of  many  interactions  involved  but  give 
only  our  (tentative)  conclusions.  One  of  the  important  considerations  was 
whether  we  had  to  introduce  one  or  more  additional  reaction  kinetics  equations 
to  account  for  the  presence  of  the  cesium  excited  states  inasmuch  these 

could  be  further  stimulated  to  the  cesium  ion.  We  concluded  that  even  with 
some  trapping  of  the  resonant  radiation,  the  lifetime  of  the  excited  states 
was  too  short  to  contribute  significantly  to  the  generation  rate  of  cesium 
ions  in  our  plasmas.  We  plan  to  add  terms  to  En_  in  Eq.(lO)  for  transfer  of 

lib 

energy  to  both  excite  and  ionize  cesium  atoms.  On  the  other  hand,  we  expect 
the  electron  swarm  temperature  to  be  sufficiently  low  that  we  do  not  need  to 
add  corresponding  terms  to  (-E^)  in  Eq.(l7)  uo  account  for  similar  reactions 
with  the  electrons  in  the  high  energy  tail  of  the  distribution. 

To  account  for  the  increased  source  of  cesium  ions  we  intend  to  add  the 
cesium  ions  produced  in  the  decay  of  the  energetic  electron,  as  an  additional 
source  term  back  into  the  Electron  Density  subroutine  (TELECT) .  This  term 
may  be  significant  at  low  values  of  Cs/Ar  where  the  source  rate  of  Cs  ions  is 
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. . . 


m 


i'on.  idcrably  less  than  the  source  rate  of  argon  ions  (S^).  Also  we  may  need 
to  add  a  cesium  conservation  equation  to  the  set  of  kinetics  equations  to  take 
into  account  the  depletion  of  available  neutral  cesium  atoms  at  low  values  of 
Cu/Ar  and  at  high  fractional  ionization  of  the  cesium,  viz.,  Cs++Cs,Csri  where 
Csq/At  is  fixed  by  the  cesium  bath  temperature. 
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APPENDIX  A 


ELECTRON  DENSITY- TEMPERATURE  CODE 
A-I .  INTRODUCTION 


This  appendix  contains  the  detail  for  the  Electron  Density- Temperature 

Code  (CW8).  The  flow  diagrams  for  the  Electron  Density-ltemperature  Main 

Program,  Fig.  A-l,  and  the  Electron  Temperature  Subroutine  (TELECT), 

Fig .  A-2,  have  been  referenced  often  in  the  body  of  the  report  and  are 

particularly  useful  for  following  the  logic  of  the  programs.  Listings 

for  all  of  the  source-programs  for  the  Electron  Temperature  subroutine  arc 

presented  in  Tables  A-I  to  A-V.  For  the  Electron  Density  subroutine  only 

the  listing  for  the  source  sub-program  EVAL  is  presented  in  Tible  A-VI . 

The  balance  of  this  program  remains  essentially  unchanged  as  reported  else- 

3 

where .  The  listings  of  the  source  programs  for  the  Main  Program  of  the 
Electron  Density- Temperature  Code  are  presented  in  Tables  A-VII  to  A-X.  A 

listing  of  the  input  cards  to  this  code  for  an  example  problem  are  presented 
in  Table  A-XI. 

The  minimum  print-output  for  the  example  problem  is  discussed  in  sec¬ 
tion  A-II  and  the  output  sheets  are  reproduced  in  Table  A-XII .  The  inter¬ 
mediate  print-output,  mainly  from  the  Electron  Temperature  subroutine  for 
the  same  example  problem,  is  discussed  in  section  A-III  and  the  output 
sheets  are  reproduced  in  Table  A-XIII . 

The  discussions  in  sections  A-II  and  A-III  contain  considerable 
physics  for  here  we  see  the  magnitude  of  the  quantities  which  previously 
could  be  discussed  only  in  general  terms.  Also  this  discussion  further 
points  out  how  the  numerical  solution  was  tailored  to  the  physics  of  our 
particular  plasma  problems. 


Rs/n>« 


diagram 


SUBROUTINE  TELECT  (XjTElI,  TESWRM)  FOR  ELECTRON  TEMPERATURE 


HdFTL  TEL6CW8  FUL I  ST  »REF,LECK,M94»XR7,CC 
C**** 

c 

CXXXX  THIS  IS  The  subroutine  TELECT 

C**»*  GIVEN  ThE  ELECTRON  DENSITY  XIII  AND  METASTABLE  DENSITY  X  4  5 ) 

C****  AND  FIRST  GUESS  LN  ELECTRON  SWARM  TEMPERATURE  ( TEL  I ) *  THE 

C****  CCMPUTEO  VALUE  GF  THE  SWARM  TEMPERATURE  (TESWRMI  IS  RETURNED 

(,♦***  TOGETHER  WITH  THE  AVERAGE  ELECTRON  COLLISION  FRECUSNC I ES  FOR 

C**«*  MOMENTUM  TRANSFER  WITH  THE  NEUTRALS < CFRNO )  AND  THE  lONS(CFRAI) 

C***  +  (THESE  FREQ.  ARE  2*FKEQ.  FOR  LOSS  OF  FORWARD  VELOCITY) 

C*-*** 

SUBROUTINE  T E LECT ( X , TEL  I , T E SWRM ,CF RNO , C FRA  I  ) 

C**** 

C**»* 

DIMENSION  X(40) 

L I  MENS  ION  C(  34) ,K(5  >,S<3) 

UIMtNSIUN  XE( 100) ,CE( ICO) 

DIMENSION  l <7) ,XAR( 1C1 ) ,GAR( 101 ) 

DIMENSION  XE2  ( 1011 «GE2 ( 10 l ) «EE1( LCI) 

DIMENSION  XLEAUC1  )*XLEE(  101) 

EXTERNAL  DUMMY « FUNCT 
LCMMCN/CUM1/X 

CGMMCN/C0M2/NG«AQtC»K«KMtLAM»S* TAUX 

CCMMCN/CUM3/VINL.VIA0,VMNU.MASNC.MASAG, TGAS * T SwMiG , DELTE , 

INSTEP  1 .NSTFP2, VINF , NGE , XE , UE , K I T ,CCNV l , EKM, E 16, E2 1 , PRNT4 , KR 
CCMMCN/C0M4/L,XAF,GAR 
DOUBLE  PRECISION  X 

DOUbLE  PRECISION  NC , AO ,C » K , KM,L AM , S , T AUX 
PEAL  MASNO.MASAC 

REAL  KB.ME.KK,lEA,LEE,LEALCS,LEELCS,LEMLOS, LSNLCS.LE I , LSI  LOS, 
1LSTLCS 
INTEGER  PRNT4 

NAMELIST/ NAMl/XAR, GAR, XE2*GE2,TMIU,TELI,TESWRM,ESM,EGS 
NAMELIST/ NAM2/XAR,GAR,EE1,LEALCS 

NAMELIST /NAM3/X AR ,GAK, LEELCS, EROR, LEMLOS, SOURCE ,S REF 
NAMELIST/NAM4/XAR,GAR,EINF,LSNL0S 
NAMELIST/NAM5/XAR,GAR,LSILCS,LSTLCS,DIFF, CONV , K IT 
NAMELIST/ NAM6/XLEA,XLEE 
ICO  C* 1 • 602  IE- IS 

101  P I  =  3  •  HI  5 '.'EC 

102  KB=  1  • 3804E-23 

103  ME  =  9.  1C84E-31 

104  KK*(2.*ME/MASNC)*NO*5.93E7 
110  TEiWPM=TELl 


120  ESM=3.*KB*TELI/(2.*Q) 
1  30  EGS=3.*KB*TGAS/ <2.*C) 

140  AA’C • 3*  V INO 

141  BB  =  VMNU-V I  AC 

15C  IF (AA-BB) 151, 16C,  160 

151  EMAX=B8 

152  EM1L=AA 

153  CE1*CI 15)*X(5)*AC 

154  CE2  =  S ( 1 ) *N0 

155  GU  TO  170 
ItC  EMAX=AA 
161  EM IC*bB 


A-k 


m  * I1  if  fwwpw  1 1  wiiiiuwii'inpi ^iw'^frappip'iiwp m  in  ifl  miwippn mmm  i,'  i  'pphi 


mvwrfff 


162  CE1=S(1)*N0 

163  C£2*C( 15)*  X<  5) *AG 

170  EMN  =  ESM  +  0ELTE 

171  CELfc*(EMAX-EMIN)/FLCAT ( NSTE  P 1 ) 

172  EEL=ERIN 

C****  CCNTRCL  ARRAY  FCR  TA6X 

180  L ( 1 )  *NCE 

181  L(2)*l 

182  L ( 3 ) =1 

183  L  (  4  )  *  l 

184  L ( 5  )  =  1 

185  L ( 7 ) =L I  7 ) 

150  N S  1  =N  STEP  1  1 
2CC  CG  250  NE  =  l , NS  1 

2  1C  LEA  =  KK*TABX(X£»Cfc#£EL»L)*(EEC-EGS)*S(JRT(EEL) 

220  LEE  =  ( 1. 54c-5*X(  1 ) / EEL** 1 . 5 ) * ( ALOG ( 1 .  2  5E4*TESwRM** l. 5/( X( 1 ) )**0.5) ) 
22 1 1* ( EEL“ESM ) 

222  XL  £A ( NE  ) *LEA 

223  XLEE ( NE  )-L£E 
230  XAR ( NE ) =EEL 

221  GAR(NE)*l./(LEA+LEE) 

222  EEL  *E  EL+UELE 
250  CGNTIME 

270  GG  TC  ( 300,278) ,PRNT4 
278  WRITE  (6,275) 

274  FORMA  T ( lh  » 62hE  LE  TRCN  KE  LCSS  TC  N EUI R ALS ( LEA )  AND  ELECTRON  SWARM( 
1LEL )  VS  KE) 

2e0  *R1  IE  ( 6 , NAM6 ) 

3C0  NT2*NSTEP£''2«-1 
2C2  NIST*-2 
3C3  kGPL  I  M  =  EMAX 
220  CC  35C  NT=  1  »NT2 
330  MSI-MSI*? 

340  Xt2 ( NT  )  *EUPL 1 M 

3  50  GE2 (NT  I  =  — S I R ( DDRMY,EMAX,EUPLIM,NTST) 

360  EUPL1M*  E  UPL I R-2 • *C  EL  E 

350  CLM  I  NLE 
4C0  L (  1  )  =N  T  2 

4C5  TKID=TABX(  XE2  ,GE2,EMID,L) 

4C6  GC  TO  (410,407) , HRN  T  4 
407  WRITE  (6,408) 

4C8  FORMAT ( 1H  ,41HXAR=KE,  GAR= 1  / ( LE A*LEE ) »  XE2=KE,  GE2=T 1ME ) 

4C5  WRITE  (6, NAM  ) 

410  CL  450  NT=1,NT2 
42C  SAVEX  =  XE2(M) 

4  20  Xt2(NT )=GE2(NT) 

440  C  E  2  (  N  T  )  =  S A VE X 
450  CC  NT  I NLE 

460  XN T  =N T 2- 1 

47C  CELT=XE2(NT2)/XNT 

480  1EL=XE2(1» 

5CC  CC  55C  NT=l,NT2 
510  XAR l N  T  )  =  TEL 

520  EE  1  (NT  I  =  T  ABX ( XE2,GE2,TEL , L ) 

53C  TEL=TEL*DELT 
55C  CGNTINCE 
56C  L ( 1  )*NCE 


A-5 


6CC  DO  65C  NT  *l,NT2 
6iC  fctL*ttl(NT| 

6  20  GAR<NTI*KK*T  Afc.x  (XE,GE  ,EEL,L)*{  E EL- EGS  )  *SQRT ( E EL ) 

t  5C  CCMINLE 

660  NT  S  T  =  N  S 1 EP  l  /2 

o7C  TLPL  I  P  =  XAR  (M2  ) 

6HC  L£ALCS=S1R(DUPPY,0  »TUPLIP,NTST) 

6«2  GC  TO  » 700  *663} «  PRNT4 
683  *RITE  (6,684) 


0AK=LEA‘T,»  tEl*Kt<  D  ,LEALOS*NEUTRAL  LOSS 
1FRCN  PCST  ENERGETIC  ELECTRONS) 

6E5  MR1  f  E ( 6 , NAM2 ) 

7CC  CC  750  NT  *  1  *NT2 
7 1 C  ttL=EEl(NT) 

7  2C  G  AR  <  NT )  =  ( l ,54E-C5*X( 1)/EEL**1 .5 )*( ALOG(  1 . 2 5E4*TESmRM* *  1 . 5/ ( X ( 1 ) )** 
10. 5 ) )*(EEL-ESM) 

750  CCMINLE 

760  LEELC5  =  SIK(CUPPY,0,TUPHP,NTST) 

765  ERt'jR  =  LEELCS*LEALGS-(EMAX-EMIN) 

7  70  Li  i  )=M2 


7  75  LtPLCS=SiR(FUNCT  *  T  P  I  0  ,  TUPL 1  P ,  \  T  ST  ) 

760  S0LRCL=CEl*LEELLS*Lt2*LEPLCS 

765  SRtF=(CEl*L£2 )*(ESP-EGS) ♦ SOURCE 

766  GO  TC  (800,787) .PRNT4 

767  MR1TE  (6,7e8) 

788  FCRM A  T ( 1H  ,93HXAR=  TIME,  GAR  =  LEE ( T )  ,  LEELCS=LUSS  TO 
1ERCM  HIGm-E  ELECTRONS,  LEPLCb=FROP  MID-E  ) 

79C  VsK  1  TE  (6.NAP3) 

800  L (  1 ) =N CE 

8  2C  t 1 N  F  =  Y INF*LSM 

840  LELE  =  ( E INF-tGS ) /ELCAT ( NS  I EP2 ) 

850  tEL  =6 GS 


ELECTRON  SMARM 


6  fc  C  NS2=NSTEP2+1 
SCC  CC  SSO  NE=1,NS2 

910  LEA=KK*TABX(XE,CE»EEL,L)*(E£L-EGS)*SURT(EEL) 

S2C  YEL  =  E  EL /ESP 
930  F  y  l  =FLN  y ( YEL ) 

940  YEL=6EL/EGS 
950  FY2=FLNY( YEL) 

9  60  XAR ( NE  )  =EEL 

9  70  GAR ( NE )=LEA*( FY  l/E SP-F Y2/ EGS ) *  X ( 1  ) 

SbC  ELL  =  E  EL^OELE 
990  CC  N  T  I NL E 

100C  LSNLCS=SIR<UUPPY  ,  EG S  ,  E I NF , N ST E P2 ) 

1002  CFKNC=LSNLOS/(X( l )+2.*ME*(ESM-EGS)/MASN0) 

1010  tEL  =  EGS 

1011  GL  TL  ( 1 100, 1012)  ,PRNT4 

1012  MR  I TE  (6,1013) 

\  SMARP^T^NEUTRA^^  '  ^AR=LE  A  {  E  *  j  8MARM  TG  NEUTRALS),  LSNLGS=  TOTAL 

1015  MR  1 TE ( 6 , NAP4 ) 

1  ICO  LC  1 1 9 C  NE=  1  ,NS2 

1  l  10  LEI  =  (  3.86E-6*X(  1  )  /  EEL**1 . 5  )  *  (  ALUu  (1 . 2  5E4*  TESWRM**1 . 5/  (  X  (1  )  )**0.5)  ) 
1120  YtL=EEL/ESM 
1130  FY1=FLNY( YEL) 

114C  YEL=EEL/EGS 
1145  Fy2=FUNY(YEL) 

1150  XAR ( NE I =  EEL 

1155  GAK(NE)=2,*M£/MASAC*(E£L-EGS)*LEI*(FY1/ESM-FY2/EGS)*X(  1 ) 

116C  EEL  =E  EL+DELE 
1190  CONTINUE 
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. . mm . III! . . . . .  ui . f 


I™™"  "I . I . . . |li|i|fl^|flffUI|l| 


1200  LSILCS*SIR(DUMMY»EGS*£INF»NSTEP2) 

1202  CFKAI»LSILGS/( XU >*2. *ME* ( ESM-EGSI /MASAO) 

1210  LSTLCS^LSNLCS+LSILCS 
1220  DIFF=SCURCE-LSTLCS 
1230  CCN  V  =  ( ABSICIFF ) J/SCURCE 
1235  T£SWRM»2.*ESM*C/<3.*KB> 

1240  KlT-KIT-1 

1241  GC  TG  < 1250,1242) .PRNT4 

1242  WRITE  (6,1243) 

1243  FORMAT ( 1H  ,85HXAR*E,  GARBLE  1 4 E )< SWARM  TO  IONS),  LSRCS  =  TUTAL  SWARM 
1TC  ICN  LOSS,  LSTLCS=LSNLCS+LSILCS) 

1245  WR I T E ( 6 , NAM5 ) 

125C  1F( CCNV-CGNV1 ) 14CC , 1400,1280 
1 2d0  IF(KI T) 1290, 12SC* 1300 

1290  KR *2 

1291  TESWPM=TELI 
1295  GG  TC  1400 

13C0  ESS  =  4  SREF*4ESM-EGS)/(LSTUCS-4SGUkCE-SREF) )  J+EGS 

1301  IF ( tSS-EGS-0.05 I13C3, 1302, 1302 

1302  t SS=SURT< SOURCE /LSTLCS I* (ESF-EGS) +  EGS 

1303  ESM=ESS 

1310  TESWRM*2.*ESM*t/43.*KB) 

1340  GC  TC  170 
1 4C0  RETURN 
ENC 


TABLE  A-II .  Numerical  Integration  Routine  (SIR) 


MbFTC  SIR1CW8  FUL 1  ST ,KEF , GECK , M94  ,  XR 7 , DC 
SIMFSCN  RULE  IMEGRAT  ICN 

X  L( LL  M , UPL I M  ARE  LGWFR  ANC  UPPER  LIMITS, RESP. 
NSTEP  IS  NUMBER  CF  STEPS  ANC  MUSI  HE  EVEN 
F  IS  FUNCTION  OF  LNE  INDEPENDENT  VARIABLE  TU  HE 
INTEGRATED. F  MUST  HE  A  FORTRAN  DEFINED  FUNLTICN 
LR  A  TAHUIAR  FUNCTICN  STCHEC  IN  ARRAYS  XAR.GAR, 


FLNCTICN  SlK(F,XUCLI ►  .IJPLIM.NSIE T) 
C 
C 

S 1 P=C.r 

If  (LPl IM-XLCLIM)3,10r  ,3 
3  XN=NSTFP 

LEL=(LPIIM-XLCLIM)/XN 
Y1=F ( XLCLIM  ) 

5  CL  lfi  1  =  1, NSTEP,  2 
X  1=1 

Y2  =  F|XLCL  IM  +  Xl  +  CEL) 

1C  Y3  =  F< XLCLIM4(XI41.C0  )*CEl> 

15  SIk=SIR+Y 1+4.0  *Y2+Y3 

IE  Y 1 =Y  3 

S IR=UEL*SIP/3.0 
ICC  RETURN 
END 
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SltFlL 


C***  4 

l  r 


fULISr,REf’0E«,«S<,xR7,DC 

F  LNCT  1CN  [JIMRY(ARG) 

C1REN5.  IfN  XAR  (  K1)  ,GAR{  lfn 
CLRRLN/UCM1  /XAR  ,G AR 

CC  POC  1=1*101 
B  1=  I 

1MXAK(  I  +  ]  )-XAR(l  me, PTC. 12 

UST=  APSl>AR(|*l)-XAR(ln/(5.rt(*BI) 

T  ES II  =  XAR ( 1 ♦  1  )  -»AR (  1  I 

GC  Tfi  15 

CfMlHt 

CC  TO  3C 

GC  5  1-1,101 

*  F  (  Tf  ST  1  )  P  C  ,  3 0  , p  7 
IF  (ARC-XARJ  11)5,2",  -Jf. 

IF  <ARG-XAP(IM2C,?C#5 

CCNTINLE 

LLRRY=ARG 

"lu'UIC,”H  ^  ,N  ,atl-e-  CLM»V,X.  NOT  rtFTURNAHLT ) 

CLF  P  Y  =  GAR  (  I  ) 

Pi  TURN 
FM 


Jibbular  Function  Interpolation  (FUNCT) 


ilBFTC  FCTlChS  FUUST, REF, DECK, M9A.XR7.CC 

FLNCTICN  HNCT(ARG) 

C  IRENS  ILN  L  A(  7)  ,XP2f-R(5l  j  ,XNKFP(  51) 
CGF'PCN/CCP2/LA»>R2PP ,  XNRFR 
HNCT  =  TAtiX<  XR2FP,XNRFP,APG,LA) 

I  =  L  A  <  t  ) 

GC  TC  (13,20), I 
10  FtTLPN 

20  WRITE  (6,2  1  )  ARC 

k'  NtTI^N1  1'“'i:U'K'1FUA1":N  CCCl-BBft  Kith  AkG-  ,F2G.B| 
ENC 


TABLE  A-V.  Function  Statement  for  the  Generalized  Maxwell-Bolt zmann 
— - — _  Distribution  (FUNY) 

tlbFTt  FNYlCWd  FULIST,REF,0ECK,M9A,XR7.C0 

FUNCTION  FUNY(ARG)  ’  7,C° 

FUNY=2.073*ARG**Q.5*FXP(-1.5*ARG) 

RETURN 

END 
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TABLE  A- VI .  EVAL  Subroutine  for  Electron  Density  Subroutine 


C  cvucw 

SUBROUTINE  EVAL ( P  ,G  ) 

COUBLE  PREC  I S ICN  X ( AO ) , P ( 40#41 1 , 0< 40 | , L AMSNU 

CCUBLE  PRECISION  L AR , NO , C ( 34 J *  AO ,SI 3 > , K < 5 ) » KM, T AUX , TEM ( 6 ) 

CORRCN/CCRl/X 

CCRRON/COM2/NO,AO,C,K,KM,LAM,S,T  /UX 
C  EVALUATE  FUNCTIONS  AND  PART  IALS 

C  VALLES  NEECEO  TFRCUGHCLT 

LAMSNO  =  LAMLAM*NO 
C  FIRST  ECN 

Gil  )=XI1)-X(2)-XI3)-X(6)-X(7)-XI  f) 

F< 1 .  1  )  =  l.C 
F(  1,2  )  =-1.0 
F(l,3)  =-1.0 
P ( I , A  )  =  0.0 
PI1.5I  =  C.O 
P ( 1 . 6  )  =-1.0 
P( 1,7)  a-1.0 
p< 1*8)  =—  l.C 
C  5FCCNC  ECN 

TFM  1  )  =  K  (  1  )  /LAMSNC 

T  F  M ( 2  )  =  C(A)*NC*1.00-10*NO 

TERI3I  =  C(  Sl+NC  +  1  .C0-10  +  A0 

URIAI  =  C( 23)*NC*1.C0-10*AC 

TERI5)  =  C(2A)*AC*l.ro-10*AO 

G(2  )  =  S{ 1  )  *NC-TER ( 1 )*X(?)-X(1I*XC 1 ) 

MC(2)*NC*l.CU-lf  +  C(3)*X(l)*l.Ct-iO) 

-TFRI2)*X(2)-TFR(3)*X(2I-C(6)  *A0  *X(2)*C(7I*X<5)*X(*) 

-  T  c  N  (  ^  )  —  T  Ei  N"  (  5) 

F(  2,  1  )=-C(  1  )*X(2)-C(?)*NC*1.0D-1C*XI?)-2.0*C(  3  )  *XI  1  )  *1  .r'0-ln*X(2) 

P  I  2 , 2 ) =-TER  I  1  )-C( 1 ) *X( 1 )-C ( 2)*NG  *1.0D- 10*X( 1 )-C  I  3)*X I  1 )*  I .  r'0-1  n*X  I 
1  1  )-  TER  12  )-TER!(  3  )-C(  6  )*A0 
2-TERI  A  )  -  TER ( 5 ) 

F  (  2  «  3  )  =  0.0 
FI  2, A)  =  0.0 
H2,5)=2.C*C(7)*X(5) 

PI2.M  =  0 . r 
PI  2, 7)  =  O.C 
P l 2 , fl  )  =  O.C 
C  THIRD  FCN 

T  F  M (  l  )  =(C( I 1+CI2  )*N0*l.rc-10)*C  (81 
T  EM  2 )  =  C( 3 )*C (8)*X(1)*1 .00-10 
TEM  3)  =  TFR{  1MTEMI2) 

G(3)=M?)*NC  +  TEM(3)*X<  1  )*X(2)-XI  AJ/TAUX- 
1C  (0  l*MJ*X(  A  I 
P(3,l)=X(2)*T£M(l  ) 

H?.0*TER(  2  )  *X(2  ) 

P  I  3 , 2  )  *X  I  1  )  ♦  TEM  (  3  ) 

FI  3, 3  I  =  C.C 

P<  3,A)=-1.C/TAUX-C(S)*N0 
FI  3, 5)  =  0.0 
P I  3 , M  =  0.0 
P ( 3 , 7  )  =  0.0 
P ( 3 , 8  I  =  C.C 
C  FCLRTH  EON 

TER ( 1  )=KR/LAMSNC 

TEMI2)  *C( 10)*(C( l UC<  2 )*NG*1.0D-10  > 


TfcM(i)  =  C  (  1  4  >  *NC*  1  .  CO  10  +  NC 
TE^(4)  =  C(lOIKI3)*Xin#1.00-l(5 
7FM  V,  =  TtM2»*TFM(4) 

G(A)*Sn)*AC-T6rMU*X{S>)  +  TEM{5)*>m*X<2)+C<ll)*C(lM*X{3)*Xm 

1~C(  12I*X(5)*X(5)-C<  li)*NC*X(5)-C  ( 1 5  )  *AC*X  (  5  ) -T  E  M  (  3  »  *x  (  5  ) 

2-C ( 2  5  )  *AC*X ( 5  I 

F(Afl)  =  TEP<?)*X(?)4C(m*CU6)*xm 

l+?.n*TCP(A>*X(? ) 

P(A,?)=lhM(5)*X( 1 ) 

P  I  A . 3 ) =  C ( 11 )*C( lfc)*X( 1 ) 

M  A .  A  )  =  0  .  C 

5[J,J|S"15Mll‘?,rn,l2l*M5WI  13  )  *NC-C  (  lb)  *  AO-TEN*  m  -C(  ?H)*AO 
p  (  a  ,  7 )  =  c  *.  r 

h  (  A  ,  R  )  =  0  .  a 

C  f  •  [  f  T  H  H  (J  N 

T  F  M  1  I  =  K  (  2  )  /LAP<\0 
HH?)  =«.  (  A  )*ND*]  ,OC-10*NL 

t.  (  b  )  =-  1 1  P  (  1  >*X(  3  ) — C  (  )6)*X(l)*X(3)+TtM<?)*X(2)-C(l7)*AC*XC3) 

I  +  (  (  $  )*  N(  «  X  (  A  )  -L  (  2 1  ).  *  AC  *  X  (  3  ) 

H  l .  1  I  =-C (  1 1  )*X ( 2 ) 

P(Af?)=TFM(2) 

P(  il=-TFM  l  1  )-C  I  17)*/OC(?6)*AG 

P  (  5,  A  )  --1  (  t,  )  *M1 
p  i  b ,  >  =  r.r 
F  <  b  .  '> )  =  ' .  C 
F  I  A  ,  7  )  =  C  .  r 
F  (  bfp.  )  =  C.C 
C  5  IXTh  TCN 

I  F  M  (  1  )  =K  (  ?  )  /LAMSNC. 

T  c  ^  ^  »  =C(iei*CMM*Nc*i.ci>ir*+c(?2)#xm*i.  ">[)-  n 

TFM3)  =C  (  2r  l*AC*  1 .  no-1  r*M 
ItM(A)  =  C<?7)*NC*l.ro-K*KC 
T  t  N  (  5  J  =  C(  28  )*  A(3*l  ,OL)-ir*NG 
TFP(6)  =  C < 32  )*PC*1 . r  0- 1 C*PC 

GIF.  )=-TPM(l)*Xm-Xm+X(6)*TFM<  ;)-TFP(3)*X(6)+C(M*Ar*X<  ?)4-f.(  17)* 
l/'OXI3‘*r(15)*At’<,x(5) 

2-TFP{A)*X(6)-TEM‘i)*X(6l+C(31)*M>XJ8)«-TEM<6)*X(8) 

P(6tl)--X(6)*(CnH)+C(19>*MJ*l.n[-in*2.r>*C<22)*X{l)*l."'P-ln) 

P  ( I  »2  )  =(.  C  6  )*Af 
H()ill=(  (  17)*Af 
<{P,A)  =  r.r 
P(6,b)=C(  It  »  *  AO 

F(6f6)=-TEP<l)-1tP(2)*X(l)-TEP<3)-TFP(A)-TFP(5) 

P ( 6  *  7  )  =  n.n 

Hfc.fi)  =  C<31)  +  TFMU) 

C  SEVENTH  ECN 

TEE ( 1 )=K ( A) /LAHSM) 

T  E1M  (  2  )  «CI2ri*Ar*l.CD-10*NC 

f  FP ( 3  )  =  C { 3 A  )* AC*Nl*l . 0U-  1C 

E(7) =-TEV{  1  )  *X ( 7 ) -f ( 2 1 I *X ( 1 ) *  X  < 7  )+TEM(2)*X(6) 
l-C.(?9)*NC*X(7)*tn3)*AC*X(fl)+TFM(3)*x(8) 

F  I  7  *  1  ) =-C ( 2 1 ) *X ( 7  ) 

F ( 7, 2 )  =  C.C 
n  (  7 . 3  I  =  h.c 
P (7 , A )  =  0.0 
P  I  7 *  5  »  *  o.r 
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H7.6I  =  TEM2» 

p  <  7,7  )  =-TfcV<  l  )-C( 2  1  )*X{  1>-C  (  29)*  rc 
P<7,8)  =  C(33I*A(7*TEM3) 
t ICMP  FCN 

TFMl)  =  MM/IAPSNC 
TFM2J  =  Cl  23>*AC*NC*1.0C-10 

T[M3)  =  C(  2?l*M)*NU*l.0C-l'T  +  C(  ?.  n*AC*NC*l.'l0-LO 
TFMM  =  C  (  ^  1  )*NC+C(  33MAC 

TFMM  =  Cri?l*M]*NC*1.0C-LO*CI  3M*AC*M)*1  .^0-]  0 

G(R)*-nMm*X(M-COQ)*xm*xm+TEP(?)*xm+TM<?)*X(M 
I  +U26)*AC*Xm«-r.<?9)*Nf;*xm-TEM{4)*X(8)-TI:Mb)*X(8) 

2 ♦ C I 25 ) *  AC  ♦  X  (  5  ) 

P ( P. 1  )  ^  -C (  3r  )  *X { H  ) 

P(P,’)  =  TFM2) 

P  (  H  .  3  )  =  C  (  2P  )  # All 
P(fi.A)  =  0.C 
p  ( p  *  s )  =  c  ( 2  5 )  *  a  r; 

P(P,‘»)  =  TEM3) 

P  (  t »  7  <  =  C  (  2  9  )  *  f\  C 

P  (  P.  8  )  «-TEM{  1)-C(  3-*M*X  I  1  )-TEM<  4  l-T  EM  (  5  ) 

UPTURN 

ENU 


'CABLE  A -VII . 


Electron  Density- Temperature  Code  (CW8) 
-Main  Control  Program 


MNL9CW8  FULIST'REF«DFCK.M94.XP7»D0 


c««*« 

IMM 

c 

c**** 

L 

(4**4 

C44«* 


ThiS 


[,‘t  MAlN  PROGRAM  FUF  THE  ELECTRON  UEN S IT Y-T EMPE RATURE  COUE 

HE4CT  ILN  KINETICS  SuEKLUT  I  NL  =  KGNL  IN 

ELECTHCN  SMARM  TEMPERATURE  SUBKUUIINE  *  TELECT 


C  «**♦ 

(.4*44 
(44*4 
(4444 
(444* 
(4444 
(4444 
(  4444 
(  444* 
(444* 
(4**4 
(4444 
(4444 
(4444 
10 
U 
12 
1J 

It 


I'.INtllCS  SUERCUT  I  NL  =  KGM  IN 

ELECTHCN  SMARM  TEMPERATURE  SGBRUUIINE  *  TELECT 

LIMENSICN  XI4C)  ,T  ITLt(li)  ,iLdTI  T(  12) 

L I  MENS  1CN  C  I  34  )  ,M  5  t ,  $<  3) 

CIMENSICN  XE(IOO)  , Util  ICC) 

LIMENSICN  KSt5),Kl(5) 

Gl Pk N  S I  C  N  LIT), A AH (101)  , G AH ( 10  1  ) 

1 50 ^ ^ S  »fRR2t50*  »  X  SR  I  50)  » XNK  ( 5C )  , X  IR  (  50 )  ,  XCF  NO  (5  0 )  , XCF A I  ( 

L  IMtNS  ICN  TEHA(t)f2NEAI7),  ALFA  I  7,6  » 

CCMMCN/CL  Ml/X 

CCPMCN/LCPi:/NU»Au,C  ,K,KP,LmP,  S,  TACX 

V  INL"  V  1  »VRNC,  PASNL,MASAG,  TG  AS  ,T  ShPl  G,DELT  E, 

,KWE*  >fc  •ti£»KIT»tONVl,  EKP,  Elfc,t?l,HRNT4,  KR 
CGPPCN/CCP4/L,X/.R,GAR 

CCPMLN/CLM5/TE;  IA,2NtA,ALFA 
LULBlE  PRECISION  X  f  EPS 

LCLBLE  PRECISION  NU , AC , C, K , KP  ,L AM, S , T AUX 
LCCELE  PMCISIGN  KS,kMS,K1,KM1,C3S,C16S,C21S,C22S 
REAL  PASNC  ,PASAC 

INTEGER  FRMi,PRNT2,PRM3  ,PFNT4  ,RTN 

NAPELiST/GLESS/X,EPs,PRNUffkM2,PKNT3,PRNT4,NX,Ngt,NSR 

KAPEl IS  1/ INPLT/NU ,AC,l,K,KP ,LAM,S, TAUX, 

1VINU, V  I  AC  ,  VMNG,MASNC,PASAC, 

2 IG AS, ISM PIG ,LELTE ,NST£P I , NS i E  P2  , 

3VINF ,K II ,M TS,UlPCCN,PRCNTC  ,CCNV1, 

4  EKP , E 1 1 ,  £  2 1 , L , 

5MRPT  ,MCRE 

NAM  EL  1ST /MAP 1/K ,nP,C»AG,NL,CAC22*NR2»  S 
NAP EL  IS I/MAM2/K IT ,TeSMKP,TLL1 ,UIF I ,PRCN IE, NIT 
NAPElIST/MAP3/NR2,TES«RM,1EU  ,01FT,PRCNTt  ,MT,CEKNL,CFKA1 
NAP  EL  IS  1 /PAP4/C22LUS,C2CLCS,UlFLuS,UlFF HN 


PRM1  ANL  PHNT2  (=1)  =  NG  FOR  INTER MtClATE  KINETICS 

‘*21  *  ¥«=-  *-UR  INTERMcCIATE  KINETICS 
PRN  1 1  1 1*NG,  *  =  YES  )  FCR  IMERPtClATE  PAIN  OUTPUT 
FRNl4(l*NG»2=YES)  FCR  INTERMEDIATE  TELtCT  0L1PGT 
NX  *  NL  LF  KINETICS  ECLATICNS 

NC6*  NL  GF  X-SECT  ILN  1NFL1  PUINTS  IN  Xt-GE  ARRAY 


CUTPUT 

OUTPUT 


Xt-GE  ARRAY 


MGR E=  2  SIGNIFIES 


PRUBL  EM 


*  -  -  •  v.,..  it  ^  i.nu  K.r  rrucicn 

MCR £= 1  SIGNIFILS  REPEAT  -  CHANGING  LNLY  NEh  INPUT  DATA 

CNE  A-KtCURD  CARO  ISGBTIT)  MUST  PRtCEtU  EACH  SUB-INPUT 
LAST  SUB-  INPL I  SFGLLD  ^*-T 


PURE  =2 


PfcAC  ANL  MRITt  TITLE  CF 
REACI5,  JIUllLt 
FUPMATIiiAE) 

RfcACI 5,12  I  SUBTIT 
FORMAT!  12A6) 
KHiTt(C,16)lilLE,SCBUT 


PRLBLEM 
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"mwmw  . . . . . *  «n|  iiiipmin  . . pip  i  iqiii|im|ii|iiiiiniiiip|iipp*i  iipui  iiimn  n  mt  i  \  m  p 


TW)ii  p  nmn « (ww  ■  i  p  wi^iw  


It  FUHMAK  JFl,20A,12Ae/2lA,12A<) 

C****  REAL  AN  L  NRITE  GUESS  (OF  DENSITY  OF  PLASMA  SPECIES) 

2C  REAC45, GIESS  I 
2b  RSITEifc  ,GLE$S) 

(*<M 

t****  RR1TE  COCCI S ICNAL  KAU1AIIVE  RECOMBINATION  KATES  I  BATE  S  »  ET  A  L I 
RR  ITE  (6ii6  ) 

it  FGRHATUPC,78FINP0T  FCR  CULISIINAL  RADIATIVE  RATES  4LFA(I,J)  FOR 
1 1 E*  T  EL  I  A ( J )  ANL  NE'ANEAU)) 

RKITE  (6  ,27)UELlA(J  )  ,J*1,6) 

<7  FORMAT ( JPC,SA,  6E1C.2 \ 

»R  i  T  t  (  6  » 2  £  )  WNEAlI  ),  (ALFA!  I,  J)  ,  J*1  ,6  ) ,  1=  1 ,  7  ) 

2ti  FORMAT  4  7k  10 . 2) 

C****  CONVERT  AlFA(I»J)  TC  CCFRECTICN  FACTOR  TO  ANALYTIC  0(221 
LU  29  1*1,7 
XN  fc  =  ZN  fc A  (  1  I 
CL  2S  J*l,6 
1 E A*T  EL  1 A  (  J  ) 

ALFA (If.  )*(ALFA(I ,J)*1.CE10/ZNEI/FC22(TEA ) 

29  CONTINOE 

RR11E16  #2  7  M  TELIA  (J  ),  J=l,  t) 

MR  ITtlO  ,28)  UNtA(  II  ,  (  ALFA  (1  ,  J  ) ,  J=1 , 6 )  ,1=1  »  /  ) 

IMM  real  ANL  RK  ITE  CROSS  SECTIONS 
20  READ  (5,21)(xE(H,UE(N)  ,N  =  1  ,NCE ) 

31  FORMATUE12.6) 

4C  hR  ITE  (  6  ,4  1  )  (XE  (M  »UE l N )  ,N  =  1 ,  N CE  ) 

41  FORMAT!  1  FC  ,  54Fi  INPUT  FOR  NEOTRAL  SCATTERING  CROSS  SECTION  XEU),CE( 
li)/(2£2(«£)  ) 

C****  R  E AC  ANC  HRITE  SOURCE  OlSTklbLTlCN  FOR  COMPUTATIONS  ALONG  RADIUS 
0****  kFEN  NSF  .GR.  C 

42  IF  (NSR)  SC » SC, 43 

43  R E AC  (5  ,44  MR2(M  ,FRK2(M  ,N*l,NSR) 

44  forma T( e e 12  «6 ) 

43  KRITEU  ,4£)(R2(N)  ,FRK2(M  ,N=1,NSR) 

46  FORMAT! 1FC,E6H INPUT  FOR  SOURCE  DISTRIBUTION  ALONG  RADIUS  R2(II,FKR 
4712 ( I  J/I2E2C.E)) 

SC  NCR  E3  1 
C  4  <  <  4 

(DM  REAL  ANL  MR  1 1 E  INPUT  FOR  KINtTICS  SL8RULT INE  (NONLIN) 

0***4  RE  AC  ANL  MRITE  INPUT  FOR  1EMPER ATORE  SUBROUTINE  ( TELECT  ) 

C  *  *  *  * 

fcO  RE  AC  (£, INPUT) 

70  MR  1 T  t  ( 6  ,  INPUT  ) 

71  MORE A  =  2 

72  N  1 1  *NI1  S 
13  NRc  31 

74  LR=NSR 

It  IF(ISAMIG)  77,77, EC 

77  MORE A=  1 

7d  IShMIGMESRRM 

EC  IF ( T  SMM  K-TCAS  )  SC,9C,12G 

SC  1SMM1C*TCASUC0.0 

S2  GO  TO  I5C 

€♦♦*♦  SAVE  KINETICS  INPUT 
I2C  NMS  =  KM 

121  C3S  =C ( 2  ) 

122  tUS3C(  16  ) 


A-13 
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1*3  L*1S=C(<1) 

1*4  C22S-U22I 

123  GU  TL  I  150,1261 , MCKEA 

1^6  51i=S(l  ) 

127  i35*$( 3 ) 

13C  LC  135  Nl*l  ,5 
131  KS(M)*MNT) 

135  CL  N  T  1NL  £ 

C**«*  ACJL5T  C1FFOSILN  COEFFICIENTS  FCK  1GAS 
140  KM1*kMS«( IGAS/300.)**£KM 
15C  CO  155  M *  1  * 5 

KUMI»KilM)*|  TGAS/3CG  . ) 

155  CCMIMt 

C****  SET  TRIAL  VALUE  OF  ELECTRON  SWARM  TEMPERATURE  (TELI)  TU 
£•***  INFU  FIRST  GLESS  VALLE  (TSwMiG) 

160  TELi*TSWMlG 
ltl  K  11 5*K  i  1 
(#♦♦♦ 

C  LITER  HERAT  ICiM  CN  ELECTRON  SWA RM  TEMPERATURE 

C<<**  CAlLS  SLEKULT  iNE  NUNL  IN  F  LK  ELECTRLN  ANL)  METASTAbLE  DENSITY 

c+***  with  inflt  aujlsteo  fck  trial  value  of  teli 

C*3***  CALLS  SLtiKCOT  INE  TfcLECT  FCR  ELECTRON  SWARM  TEMPERATURE 
C****  FOR  INPUT  OF  ELECTRLN  DENSITY  AND  SOURCE  RATE 
C****  ITERATICN  CCONT  LIMIT  IS  MT 
CMA* 

C****  AUJCil  INPUT  Tu  NLNL1N  FUR  TELI 
16*  GO  TL  (2CC.17CI, MCKEA 
17C  KM=KM1 
171  LO  177  M  *1 , 5 

173  K( NT) *K 1( NT J*( l.+TELl/TGAS)/*. 

17  7  CONTINUE 
i 75  l AC22  *  1  .C 

1  EC  L<**  )  =  FC2*(TEH)*LAL22 
1 E  1  Cl;l  *C(*2) 

1E2  C(  16  )*C 16S*(3C0»/TEL1 1  **E  16 
1E3  II21)*C21S*I 500  •/  TE  Li  )  ♦  *E  *1 
1 E 5  CO  TU  ( 195 ,166) ,PKNT3 
1E6  WRITE  (6,187 ITEL1 

1E7  FORMAT!  IF C , 56HK EACT IUN  RATE  COEFFICIENTS  AUJUSTEL)  FOR  TESwRP  *  TCL 
11  *  ,E15«  7,2tH  (C22  FKCM  ANALYTIC  EXP.)) 

15C  WKlTtT6,MAR]* 

155  CALL  NCNL  JN(NX,A,EPS,FRFT  1,RTN} 

2CC  KM *KM 1 
*C  1  KR* 1 

2C 2  CO  2C7  Nl*l,5 

2C3  K(M  )  *K  1 1 N I )*(l.+TEL(/lGAS)/2. 

2C7  CONTINUE 
2C8  >ELZA ( 1 ) 

2C5  0AC**SAC2*(TELI,XEL) 

210  L( 22 ) *FC2  2 ( TELI )*CAC22 
*11  U3J  »C(2i) 

*12  L(  16)*l16$M3C0./TEL  1  )**E  16 
213  L121)*L21S*(3C0./TEL1)*4£<1 

215  GO  TC  (  *51,216) , PRNT3 

216  WRITE  (6,217  TTELl 

217  FORMAT! 1FC,56FR£ACTI0N  RATE  CCEFFICIENTS  ADJUSTED  FOR  TESwRM  =  TEL 
11  =  ,E15.7,23F  (C 22  FRCM  ALFA  TABLE)) 
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cc C  FRlTt(fc«RARll 

22C  CALL  NCNL  lMNX,XtEPS»PRNI  1»PTM 
*4C  CALL  TkUC1(X,TEL  l,  T  ES*RM  tCFRNO  tCFRAll 
245  GC  TL  1250,475)  »KR 
<50  LiH*lESKfM-TELl 

251  AC  1FWESIC  1FT) 

252  FRCNTE*ALlf  I/TESrRM 
2 5-4  NM1*M1J-MT*1 

255  Go  1C  1270*256), PRNT3 
25 1  NRITE  (  <  »  2  57  )  NNH 

257  FORMAT ( 1FC » 36F VALUE S  FCR  1RIAL  NUMBER  ON  IfcSWRM  =  «  14  1 
260  hR i IE (6  »NAK2 ) 

27C  M1*N1T-1 

2  dG  1FUU1F1-C1FCUN)  4CC,4Gt,2SC 
2$C  IF  (PRCNU-PRCNTC)  400,400,300 
3CC  iF ( Ni T I  450,450,310 
*10  IELl*TESwFM 
220  GL  TC  2CC 
(.**** 

4CC  RR l IE ( 6 ,40  1  1NM  T 

4C1  FGRMAK1FC,  44F1TERA  T  ION  ON  ItSwRH  COMPLETE  CN  TRIAL  NO.  =  »I4| 

402  *RlTfcl6»MAM3) 

404  IEL  I *TE  S  *FM 

4C5  KM-KNl 

4Cfc  CO  4CE  M  *  1 »  5 

407  K(M)«K1(NT  I*  (1  .♦TELi /TGAS  )/2. 

4Cfc  CCMINLE 
4CS  AE  L-*X  ( 1  ) 

4  1C  CAC22*AC22( 1ELI ,XEL I 

411  Cl22)*FC22(TfcLl)*CAC22 

412  U *  l*C(22  I 

412  Ulfcl«CUS*(3C0./ltLI 

414  C(*l)aC2lS*  (300  ./TELI  )**fc  21 

41t  RRI  IE(6  ,KAMl ) 

420  CALL  NCNL  IMNX,  X,EPS»PRM2,RTN) 

421  C22LCSzX(ll*X(6l*C(  22  )*  XI  1*1  .00-10 

422  L2C  LuS  =C (<C)*AC*l.CC-iC*NL*X(£) 

4  23  LI  FLOS*  (M2  )/(LAM*LAM*NL)  l*XU) 

4  24  L  IFFRN  =  C  lFLC;s/(DiPLUS*C22lC$  +  C2  CL  US) 

425  RR I  l  k  ( 6  » M AM4 ) 

43C  CL  TC  5CC 
4 5C  RfllTE(6,46C  ) 

46C  FCRMATt  1FC.21FITEFATICN  CCLNT  EXCEEDED  CN  MI) 

47C  CC  TL  5CC 

475  RR11E16,476)  CBru,,y. 

476  FUPMAX  UC.50MTERATILN  CCUNT  EXCEEUEC  ON  KIT,  GU  TO  NER  PRCBLEM) 

47/  GC  TU  5CC 
C444*  F  ElNSlA 1 k  INPUT 
50C  KM*KMS 
5 1C  0(21  *C2S 
520  0(161*016$ 

53C  0(21  )*C2 IS 
54C  C122  )*C22S 
£42  KIT-KI1S 
550  LC  559  M*l,5 
552  MMi«KS(M) 

55*  CONTINUE  ,  -.c 


ZtQ  IF  ( LR--1  )6CC,562,562 
562  XSRINR2  l*S(  II 
564  ANR(NR;}»XI1I 
566  >TR(nR<  J=TE$*RM 
56b  XCFNoiNR*  |*CFRNO 
57C  XCMIINR2I-CFRAI 

511  RR2«NR2*1 

512  LR* LR-1 

572  1F<LR-1I565,514,574 

574  6(  i)  =  SlS*FH-2(NH2) 

575  5<2l=S2S*FkR2<NRcJ 

576  1EL  1z  1ESRRM 

577  MT*NI1S 
5EC  NR22*NR2- 1 

5B1  *RlTE<e,16)TiTLE, 5U0T  IT 
562  RR1TE  It ,562)NR22 

564  GuftTUT2C0°,12HSCLbTICN  f'OR,I3,31H  INCREMENTS  FR  CM  CENTER  OF  TUBE) 

565  *RlTEl6,16iTIToE  « SUBTIT 

566  RR I T  t ( 6 , 58b ) 

1«S:'i5*’S‘^’MA',V  0f  C1STRIBUTICNS  ALONG  RADIUS  OF  TUBE! 

590  RRITE(t,591) 

5?1  FORMAT  llhC.  6*.  «HPADiUfCFfllX,9HSU0RCE/NC,  11 X,  10  HEL-DENS  I T  Y,  10X  , 
552^RRi TEI6,552  I  (K2(N)  ,XSkiMtXN*N  NJ  ,  X  TRl  N  I ,  Xt  FNO  ( N I  ,XCFA1  (N),  N=  l,NSR 
552  FORMAT ( 6  E2  C • b I 

5S\n5K \b  ^  '***  )NSR,xSR(l  )*  XCFNCI  ll  ,XCFAI  ( 1  )  ,  (U  2(  M  ,  XRH  ( N )  ,  XT  R<  M  tN=l  , 

555  FUHMA1U2/UE12.5II 

556  GO  IU  ( 555,5971 ,MRPT 

557  i(l|*SlS 
5  5  t  M2)*S35 
555  GO  TO  SCC 

6CC  GO  TO ( 6  10 , 1C  I ,MCRE 
61C  REAC  15 ,6 ] ]  ISOBTIT 
611  FORMAT (  1 1  At  I 
615  MR  1 T  E ( 6 , 16  I  TITLE,  SObUT 
62C  RE  ACl  5  ,  C- 1 ES  $  I 
622  RK  i  TE  1 6  ,  GL 1 5 S I 
620  GO  TO  6 C 
END 
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TABLE  A-VIII.  Block  Data  Input  Statement  (at  Compile  Time)  for 
Collisional  Radiative  Recombination  Coefficients 
a(nc^e). 

SI8FTC  B0T2CW8  F UL 1ST »R£F  ,  DECK,M94*XR7,0D - - - - 

BLOCK  OATA 

01  MENS  ION  TELIAI6I»ZNEA(7),ALFAI7,6I 
COMMON/COM 5/ FEL IA,ZNEA,ALFA 

UATAUNEAU  ),(ALFA<  I  ,  J  I  ,  J«1 ,6)  ,  1  *  l ,  71 /1 . 0E*8, 7. 8E- 1 1 , 1 . 2E- i  1 , 3 . 2E- 

**  6  13*  3.  3fc-13»  l.OE+9, 3.8E-  10,  3.  3E-11 .6  ot-  i  ?  i  up  ij 

27.bE-lJ,3.6E-13,1.0E+l0,2.8E-9,1.5E-l0.1  6E-M  1 it* o oJ * ?!’ 1 2 ! 
4,2.6E-7,9.0E-9,3.6E-10,2.4E-ll,3.2E-12,7.4E-13a  OE  +  13  p^b^H  up 

5-8,3.0E-9.  l.2b-in  q  «  i j  ,  ,r  ,,  ,  .  i.3#  l.Ut  +  lif2.6b-6,8.8b 

6fe- 1 5 :  Sloll  1 1  f  I .  ifei  ? 6  12,l-3E-i2'‘-0fc*»4’2-«-5.3,aE-7. 2.96-8,9.4 
EN0 


TABLE  A-IX 


Function  Sub-program  for  Double -interpolation  on  the 
-Double-subscripted  Array  AC  22  (TE.ZNE)  . 


IIBFTC  A221CW8  FULIST  ,REF  ,  DECK*#I94,XR7,DD 
FUNCTION  AC22I TE  *ZNE ) 

*TEL  U<6‘  *ZNfeA<7>  tALFAI  7,61 

C0NMQN/C0H5/TELI A, ZNEA , ALFA 

LA( 1)*6 

LA  (  2 )  =  7 

LA ( 3) *0 

L  A  (  4 1  *  1 

LA(5»*1 

LAI  71 «2 

LAI  8 ) *2 

LAI  91*7 

^^»TAbXZ(  TELIA,  ALFA,  ZNEA,FE,ZNEf  LAI 

GO  TO  110,20,20,201,1 
10  RETURN 

20  WRlTfc(6,2i)  AC22, I 

21  ^?wi!|llHl'35HEXIRAP0t*,10N  H1TH  AC22  *N0  LAI6) 
END 


=,E20.8,I5I 


TABLE  A-X , 


J^ll°IlJ.t^ment_  _for Appro^mation  to  C(22)  . 


$IflFTCFUNCTlUN  FFC22URC|’OfcCK,H9AfXR7,°0 

FC«.2.6CE-o,.(250./ARG|„5.  {Note;  Scaiii^ 

END 


•10 

factor  of  1C  in  code.) 


TABLE  A-Jd .  Example  of  Input  (Cards)  to  Electron  Density-Temperature  Code 
Gas:  Neon-Argon,  Ar/Ne  =  1.0x10“^ 

Pressure:  p  =  90  torr,  N0  =  2.9  x  10l8  sec-1 
_  Reactor  Power:  1.0  MW,  $  =  0.72  x  lO^cm-^sec-l 


•DATA 

RUN  109.7  ELECTRON  DENS.  +  TEMP.  M-WAVE  CAV-14  RUN  64 

RUN  109.7  S= 1 ,30OE-3*N0  TGAS=405  OK  TSWM1G=600  OK 
6GUESS  X  ( 1 )  ■  1 .OD12« 1 .00 10*?. 0010. 2 .0003 .2* OD 11*1.00 12.1. 0009*  33*0.0 • 


EPS  =  1 . 00-6  « PRNT 1  =  1*  PRNT2=1,  PRNT3*2,  PRNT4* 1  «  NX  =  8,  NQE-17, 


0.260 
0.800 
0.300 
0.810 
3.000 
6.250 
1.00 
0.3415E 
0.6820E 


E-01 

E-01 

E-00 
E— 00 
E-00 
E-00 
E-03 
0 
0 


0.456 
0.721 
1 .100 
1.480 
1  .890 
2.060 
1 .OOOOE 
0.9574E 


E-16 
E—  1 6 
E-16 
E-16 
E-16 
E-16 
0 
0 


0.400 
O.  150 
0.400 
1.000 
4,000 
6.760 
0. 1 145E 
0.4550E 


E-01 
E-00 
E-00 
E-00 
E-00 
E-00 
0 
0 


NSR=11  ft 


0.541 
0.800 
1.200 
1.550 
1.960 
2.090 
0.9955E 
0.9194E 


E-16 
E-16 
E-16 
E-16 
E-16 
E-16 
0 
0 


0.600 

0.200 

0.490 

2.000 

5.000 


E-01 

E-00 

E-00 

E-00 

E-00 


0.639 

0.960 

1.270 

1.780 

2.0? 


E-16 

E-16 

E-16 

E-16 

E-16 


0.2PB0E 

0.5685E 

0.9090E 


0 

0 

0 


0 . 98 1 8F 
0.8634E 
0.5371  E 


0.7837E  0  0.7955E  0  0.6744E  0 

1.0225E  0  0.3990E  0  1.1360E  0  0.2809E  O 

SINPUT  LAM  =  2.0 160-01  *  TAUX=5 .OOD-OR ,  KM*5.50D18, 

K  =  5.7 0018*9.  10D18.1 • COD  1 9 * 9.50D 1 8  * C • OODOO * 

S= 1 .300D-03.0 .0000-03 *0.6050-03. 

C= 3 .200- 12 *2 .700-20, 1 • 080-09 *5. 800-22 » 5 • OOD-22 ,4 . 000- 1 3* 8. 000- 1 0  * 
1 .000-01,8.000-11 « 1 .000-01 ,5.000-01 *8. OOD-1 0, 1 .840-15,5.000-24, 
1 .800-1 1 «  2 • 20D-07 , 4 .000- 13,4, 000- 12*2. 70D-20 ,2. 50D_2 1 .6.7CD-07, 
1 .080-09* 12*0.0, 


n 

o 

9 


N0=2. 90018*  A0=2. 90014, 

V  I N0  =  2 1 .56 ,  VMN0  = 16.68*  VJAO-15.76,  MASN0=3. 37 1 E-26 ,  MASA0=6 . 671 F-?6 » 
TGAS  =405.0*  TSWM 1 G  =  6C0 » 0  *  DELTE*0.01,  NSTEPl*  40,  NSTEP2=  40, 

Y INF= 12.0  *  K I T= 1 O  ,NITS=lO  «DIFCON=  5,0,  PRCNTC=0.05«  CONV1=0.05* 

EKM  =  0 . 73  «  E 1 6*0 . 333 ,  E?l=1.50  *  L ( 1  > =0 , 0  *  0 , 0 , 0 , 0 , 2  *  MRPT= 1  *  MORE  = 1  ft 
RUN  109.7-REPFAT  LAST  POINT  ABOVE  <NR2=ll>  WITH  FULL  PRINT  OUTPUT 
SGUESS  PRNT 1=2*  PRNT2=2,  PRNT3*2*  PRNT4=2*  NSR=0  ft 
SINPUT  TSWM 1 G=  0  *  MRPT  =  2»  M0RE  =  2  ft 


T=IB 


I 


A-n  .  CW8  MINIMUM  PRINT-OUTPUT 


An  example  of  the  input  data  (cards)  to  the  Electron  Density-Temperature 
Code  is  given  in  Thble  A -XI,  and  an  example  of  the  printed  output  (from  input 
in  Table  A-Xl)  is  given  in  Table  A-XII  for  minimum  printed  output  (except 
PENT  3=2)  and  in  Table  A-XIII  for  complete  printed  output.  The  first  3 
pages  of  Table  A-XII  show  the  printed  record  of  the  input  date  to  be  used 
by  the  Electron  Density  subroutine,  the  Electron  Temperature  subroutine  and 
the  Main  Contro1  program. 

Under  the  NAMELIST- input  GUESS  in  Table  A-XII,  the  entries  X,EPS,PRNT1, 
PRNT2  and  NX  have  been  discussed  in  section  IIC.2.  PRNT3  is  the  switch 
(l=No,2=Yes)  for  intermediate  print  output  from  the  Main  Control  program  and 
PRNT4  serves  the  same  function  for  the  Electron  Temperature  subroutine 
(TELECT)  .  Bypassing  "NQE"  and  "NSR"  for  the  moment,  the  first  ALFA(l,j)- 
array  in  Table  A-XII  is  the  Bates,  Kingston  and  McWhirter  cross  sections’*’’*’ 
discussed  in  section  IID.2  and  the  second  ALFA (I, j)  -  array  is  the  normalized 
values  according  to  Eq.(35).  Now,  NQE  is  the  number  of  elastic  scattering 
cross  section  values  to  be  read  from  cards  into  the  XE-,QE-arrays  at  the  top 
of  the  second  page  of  Table  A-XII  and  NSR  is  the  number  of  values  of  (frac¬ 
tional)  ion  source  rate  along  the  cavity  radius  to  be  read  into  the  R2-, 
FRR2-arrays  in  Ihble  A-XII .  Notice  from  the  last  entry  in  the  FRR2-array 
in  Table  A-XII,  that  the  ion  generation  rate  at  the  cavity  cylindrical  wall 
is  28.l/o  of  the  ion  generation  rate  at  the  center  of  the  cavity.  From  the 
NAMELIST  INPUT  for  the  Electron  Density  subroutine  input  in  Table  A-XII,  the 
ion  generation  rate  at  the  center  of  the  cavity  for  this  problem  was 
S+(r=o)=S  Nq=3 .77xl015cm'3sec"1 . 

Table  A-XII  (page  A- 23)  gives  mainly  the  input  to  the  Electron  Tempera¬ 
ture  subroutine .  These  items  are  defined  in  the  "LIST  OF  SYMBOLS"  at  the 
beginning  of  the  report  and  many  are  mentioned  in  the  discussion  in  section 
A-III  for  the  intermediate  output  in  Table  A-XIII . 

Table  A-XII  (page  A- 24)  shows  the  input  and  (minimum)  output  from  the 
Electron  Density  subroutine  (NONLIN)  for  two  calls;  the  first  with  C(22) 
from  Eq.(3h)  and  the  second  with  C(22)  from  Eq.(35).  The  output  array  X(l) 
of  the  number  densities  (cm-3)  of  the  various  plasma  species  have  been 
shifted  to  the  right  of  the  page  and  these  are  identified  in  Table  A-XII 
(page  A- 27)  for  the  final  values.  The  (minimum)  output  from  the  first  call 


A-19 


l'PPI«PI|l, 


!  mwwmmw  pi  ifv  i  iii  piipiiiipiiii|niiiii  niuipipiiipi 


to  the  Electron  Temperature  subroutine  (TELECT)  is  shown  at  the  top  of 
Table  A-XII  (page  A-25).  This  first  pass  required  ( 10-5  =5)  iterations  to 
converge  within  5?o  (C0NV1=0.05)  on  an  electron  swarm  temperature  (TEWSHM 
—  921  C)  compatible  with  the  input  value  of  the  electron  density 
ne”~  ^  cm  ) .  Ihe  returned  value  of  the  electron  swarm  temperature 

(TESWRM)  did  not  meet  the  convergence  criterion  (PRCNTC-0 .05)  for  agreement 
with  the  input  value  TELI,  that  is  PRCNTE  0.3^8  was  not  less  than  PRCNTC, 
so  another  call  was  made  to  NONLIN  with  TELI  921°C. 

These  alternate  calls  to  NONLIN  and  TELECT  subroutines  continued  until 
after  the  third  call  to  TELECT,  PRCNTE  S  0.02  <  0.05.  The  output  from 

iteration  2  has  been  deleted  but  the  output  from  the  last  (3)  iter¬ 
ation  on  TELECT  is  presented  in  Table  A-XII  (page  A-2 6). 

A  final  call  was  then  made  to  NONLIN  to  obtain  the  plasma  densities 

for  the  converged  value  of  the  electron  swarm  temperature  (8o4.5°C).  This 

output  is  given  in  fertile  A-XII  (page  A- 27)  and  the  final  solution  of  (n  ,T  ) 

'  0  *  0  * 

for  the  center  of  the  microwave  cavity  was  (80if.5°C,  9 *90x1  O^cm"'^)  . 

This  process  was  repeated  for  each  of  the  NSR=11  points  along  the  mid¬ 
height  radius  of  the  microwave  cavity  (along  which  only  the  source  S  was 
changing).  The  output  from  these  intermediate  points  has  been  deleted 
except  for  the  last  rad.'al  point  (at  the  outside  wall)  which  is  shown  in 
Table  A-XII  (pages  A-28  to  A-3°) .  This  code  was  programmed  to  use  the 
.onverged  values  from  the  last  problem  as  the  first-guess  values  to  the 
next  problem  with  the  switch  M0RE=1.  Hie  succeeding  problems  along  the 
radius,  therefore,  converged  much  faster  than  the  first  problem. 

Finally,  the  print  out  of  a  summary  of  the  pertinent  output  data 
from  each  problem  (along  the  radius)  is  shown  in  Table  A-XII  (page  A-31).* 
Part  of  this  data  is  also  punched  on  cards  for  input  to  the  next  code  for 
the  Resonance  Frequency  Shift  of  the  cavity.  Hie  data  from  these  cards 
are  printed  out  in  Table  B-3. 


*Hie  values  vary  step-wise  along  r  since  the  convergence  criterion  on  T 
was  modest  (PRCNTC=0 .05) .  e 
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An  example  of  the  intermediate  print-out  from  this  code  is  shown  in 
Table  A-XIII  in  Appendix  A.  Normally  the  intermediate  output  is  not  requested 
if  only  the  final  converged  values  of  Tg  and  ng  are  desired .  With  the  inter¬ 
mediate  print  switches  (PRNT1  to  PRNT4  off  (=l),  the  converged  value  of  T 
would  be  printed  out  in  the  Main  Program  as  TESWRM  under  0MAM3  (see  Table  A-HI, 
page  A-29)  and  the  converged  value  for  ng  =  X(l)  in  the  final  values  of  X(l) 

(see  Table  A-XII,  page  A-30) .  The  intermediate  print  options  are  generally 
used  in  the  initial  checkout  of  the  program  or  for  check  out  of  a  problem 
where  convergence  was  not  obtained  or  the  results  showed  an  obvious  blow-up 
in  the  internal  computations .  Because  of  the  many  steps  in  the  inner  and 
outer  iterations,  very  many  printed  pages  are  obtained  when  all  of  the  inter¬ 
mediate  print  switches  are  turned  on.  In  order  to  obtain  an  example  of  the 
full  print-out,  and  particularly  of  the  Electron  Temperature  subroutine  print¬ 
out,  with  a  minimum  number  of  pages,  the  last  point  (NR2=ll)  of  the  code  run 
described  above  (see  Table  A-Xl)  was  repeated  so  that  all  of  the  converged 
values  from  the  first  solution  would  be  passed  internally  to  the  first,  trial 
values  for  the  second  solution.  This  was  accomplished  by  setting  MRPT=2  and 
TSWM1G=0  (normally  TSMM1G»TGAS) . 

Comparison  of  Tables  A-XIII  and  A-XII,  page  A-30,  show  that  the  converged 
values  from  the  first  solution  were  passed  to  the  input  for  the  repeat  solu¬ 
tion.  The  intermediate  output  from  the  Electron  Density  subroutins  is  shown 
in  Table  A-XIII, (page  A-38) .  Values  of  the  tabular  functions  during  the 
various  steps  of  the  numerical  integrations  are  shown  in  Tables  A-XIII  (pages 
A-39  to  A-4l) .  The  Tables  are  identified  in  the  code  print-out  and  a  better 
understanding  of  the  physical  content  can  be  obtained  by  reference  to  the 
program  listing  (Table  A-l)  or  the  flow  diagram  (Fig.  A-2). 

For  this  example  problem  on  Neon-Argon  where  Vj_(Ne+)=21 .56  eV,  the  energy 
of  the  most  energetic  electrons  produced  by  the  fission  fragments  (0.30  V^(N+) 
in  Eq . ( 3 ) )  is  6.47  eV,  the  last  entry  in  the  XAR-array  in  Table  A-XIII, (page 
A-39).  In  Eq.(9)  we  are  going  to  obtain  the  time  for  the  electron  to  decay 
from  the  maximum  value  =6  .47  eV)  to  the  energy €  and  then  we  are  going 

to  vary  from  £max  to  €min_*  We  cannot  follow  the  electron  all  the  way  down 
to  the  swarm  energy  (^min=^es)  because  according  to  Eq.(9)  this  would  take 
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an  infinite  amount  of  time?.  However,  we  are  not  interested  in  the  distribu¬ 
tion  of  energy  loss  of  the  electron  while  the  electron  spends  long  periods 
of  time  at  energies  only  infinitesimally  greater  than  £  .  We  will  be  satis- 
fied  to  account  for  »99 7°  "*:^e  ener6y  loss  of  the  energetic  electron  and 

so  we  need  follow  the  electron  down  only  to  ^min-^es+  where  Ae/E^so-M- 
In  this  problem  AE=DELTE  (input)  =0.01  eV,  so  we  do  account  for  99&%  of  the 
energy  loss  of  the  electron.  Now  £e^=ESM=0  .0862  eV  so  £^n=EMIN=0  .0962  eV* 
and  this  is  the  first  entry  in  the  XAR-array. 

For  the  4l  energy  values  (for  the  NSTEP1-40  energy  increments)  in  this 
array,  the  corresponding  values  of  L  (O  for  Eq.(5)  are  given  in  the 
XLEA-array,  L  (£)  for  Eq.(6)  in  the  XLEE-array  and  l/(L  (6)+L  (£))  for 

the  integrand  of  Eq.(9)  in  the  GAR-array.  The  energy  decay  time  of  the  elec¬ 
trons  corresponding  to  the  integral  in  Eq.(9)  is  given  in  the  GE2  array  versus 
the  energetic  electron  energy  in  the  XE2-array.  The  last  entry  in  the  GE2- 
array  shows  that  it  takes  tt=1  .8lxl0~^sec  for  the  electron  to  decay  in  energy 

from  £  =6.47  eV  to  €  .  =0.0962  eV .  This  "thermalization  time",  t™,  is  very 

max  min 

much  shorter  than  the  average  (~  recombination)  lifetime  of  a  swarm  electron, 

/  4-  -4 

which  is  TRrs:ne/S  —2x10  sec. 

The  energetic  electrons  produced  in  Penning  ionization  are  produced  with 
energy  Vm(Nm)-Vi(A+)=0  .92  eV  (=6^=000  and  the  time  for  an  energetic  elec¬ 
tron  produced  by  a  fission  fragment  (6.47  eV)  to  decay  to  this  energy  (0.92 

eV)  is  given  by  interpolation  on  the  XEZ-and  GEZ-arrays  to  obtain  TMID- 

-7 

1 .60x10  sec.  Actually,  we  are  not  interested  in  following  an  electron  from 
t=0  to  t=U4ID  but  rather  in  following  the  Penning-electron  from  6"micj  to  6* 
or  from  t=TMID  to  4(£^n)  •  TMID  is  the  lower  limit  of  integration  for  the 
second  integral  in  Eq.(lO). 

In  the  program  we  now  prepare  for  the  first  integral  in  Eq.(lO).  The 

decay  time  is  made  the  independent  variable  and  moved  to  the  XE2 -array  and 

energy  is  made  the  dependent  variable  and  transferred  to  the  GE2 -array.  The 

decay  time  t(£  (FF))  is  then  divided  into  NSTEP/2  equal  increments  and 

max 

stored  in  the  XAR-array  in  0NAM2  in  Table  A-XIII  (page  A-4o)  and  the  corre¬ 
sponding  energy  values  are  obtained  from  interpolation  on  the  XE2  -  and  GE2- 
arrays  and  stored  in  the  EEl-array  in  Table  A-XIII  (page  A-40) .  Before  we 

*The  fact  that  in  our  computations  we  have  abandoned  the .energetic  electrons 
with  an  excess  energy  (Af)  appreciable  with  respect  to  Ces  is  not  important. 
As  we  shall  see,  their  lifetime  is  very  short  compared  to  the  electrons  of 
the  swarm  and  therefore  their  number  few . 
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perform  the  first  integral  in  Eq.(lO)  we  first  perform  (for  a  check,  later) 

a  similar  integral  for  the  energy  transferred  from  the  energetic  electron 

to  the  neutral  atoms  (LEALOS).  Values  of  the  integrand,  v  (t ' )(£ ft 1 )-£  ) 

’  eav  v  '  es  ’ 

corresponding  to  the  XAR  values  of  (£)  are  stored  in  the  GAR-array  in  0NAM2 
in  [Cable  A-XHI  (page  A-4o) .  A  numerical  integration  (via  SIR)  on  the  XAR-, 
GAR-arrays  yields  LEALOS =2 .08  eV  for  the  energy  lost  to  the  neutral  atoms 
of  the  original  6.47  eV  of  the  energetic  electron. 

Values  of  the  first  integrand  are  computed  next  and  stored  in  the  GAR- 
array  in  S5NAM3  in  'Cable  A-XIII  (page  A-40)  .  The  numerical  integration  on 
the  XAR-,  GAR-arrays  now  yields  a  value  of  LEEL0S=4  .34'  eV  as  the  energy 
transferred  from  the  energetic  electron  directly  to  the  electron  swarm. 

The  sum  of  the  energy  transferred  (LEELDS+LEALOS)  should  equal  the  loss  of 
the  electron  energy  and  it  does  within  the  error,  EROR=0.043  eV. 

We  see  that  of  the  6 .47-0 .0962=6 .3738  eV  of  energy  lost  by  the  ener¬ 
getic  electron,  our  numerical  integrations  for  the  energy  transfer  to  the 
neutral  atoms  and  electron  swarm  have  agreed  to  within  0.046/6. 3738 «=1%. 

To  obtain  the  second  integral  in  Eq.(lO)  (LEMLOS),  a  second  mumerical 
Integration  is  performed  on  the  values  still  in  the  XAR-,  GAR-array  where 
only  the  lower  limit  in  the  argument  list  of  SIR  is  charged  to  TVHD=1 .60xl0~7 
sec.  This  yields  a  value  of  LEMLOS=0 .8^7  eV .  The  value  of  the  total  energy 

source  rate  to  the  electron  swarm  is  E__  in  Eq.(lO)  and  is  given  by  S0URCE= 

IS  ^  1 

4.90x10  eV  cm"3sec  in  Table  A-XIII  (page  A-40)  . 

We  now  prepare  to  compute  the  integrals  in  Eq.(l7)  for  the  energy  loss 

rate  of  the  electron  swarm  (-E^).  We  take  for  an  effective  value  of  the 

upper  limit  (®c)  of  the  integrals  in  Eq.  .(17)  the  quantity  EINF^HNExESM 

where  7XNF=12  to  give  EINF=1.03  eV  in  liable  A-XIII  (page  A-4l) .  The  energy 

range  (EINE-EGS)  is  divided  into  NSTEP2=40  increments  and  the  4l  energy 

values  stored  in  the  XAR-array  in  $NAM4  in  Table  A-XIII  (page  A-4l).  Values 

of  the  first  integrand  of  Eq.(l7)  corresponding  to  the  energy  values  of  the 

XAR-array  are  stored  in  the  GAR-array  in  $NAM4  in  [Cable  A-XIII  (page  A-4l ) . 

A  numerical  Integration  via  SIR  on  the  XAR-,  GAR-arrays  yield  the  value  of 
15  -3  -1 

LSNL0S=5  .02x10  eV  cm  sec  for  the  energy  loss  rate  of  the  electron 
swarm  to  neutral  atoms. 

Values  of  the  second  integrand  in  Eq.(l7)  corresponding  to  energy  values 
of  the  XAR-array  are  stored  in  the  GAR-array  in  0NAM5  in  Eable  A-XIII  (page  A-4l 


and  a  numerical  integration  on  these  arrays  yields  a  value  of  LSILOS= 

^  *17x10  eV  cm  Jsec  for  the  energy  loss  rate  of  the  electron  swarm  to 
the  ions .  The  total  energy  loss  rate  of  the  swarm  corresponding  to  E^s 
in  Eq.(l7)  is  LSTL0S=LSNL0S+LSIL0S=5  «07.xl0^  eV  cm  ^sec  ,  The  difference 
between  the  energy  gain  and  loss  of  the  electron  swarm  (DIFF=IS0URCE-LSTL0S|) 
meets  the  input  convergence  criterion  (C0NV1=0.05)  on  the  first  internal 
trial  (as  expected  for  this  repeat  run)  since  C0W=  I DIFF^S0URCE=0  .033^CONV1 . 

The  output  in  Table  A-XIII,  pages  A-42  and  A-43,  from  the  Main  Control 
program  are  similar  to  the  output  described  in  the  previous  section  D-5 . 
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APPENDIX  B 


RESONANT  FREQUENCY -SHIFT  CODE 
B-I .  INTRODUCTION 

The  flow  diagram  for  this  computer  code  is  presented  in  Fig.  B-l  and  a 
listing  of  the  source  program  in  Table  B-I.  Some  of  the  data  are  read  in 
via  NAMELIST  statements  and  some  via  FORMAT  statements.  Also  NAMELIST  tate- 
ments  are  used  for  printed -output  and  the  intermediate  printed -output  can  be 
obtained  with  the  print-switch  PRNT1  (l=No,  2^Yes).  The  roots  of  the  Bessel 
functions  are  read  in  via  DATA-input  at  compile  time  .  The  FORTRAN-function 
statement  for  the  axial  distribution  of  ng  is  given  in  Table  B-II . 

B-II .  INPUT 


The  listing  of  a  set  of  input  cards  for  this  CW9  code  is  given  in  Table 
B-III  for  an  example  problem  which  is  a  continuation  of  the  problem  present..! 
in  section  IID.  In  fact,  the  input  cards  6  through  12  listed  in  Table  B-III 
are  the  punched -output  cards  from  the  CW8  code.  The  first  two  'title  cards 
are  read  in  via  "A-conversion"  and  the  glNPUT-data  via  a  NAMELIST  statement . 

B-III .  CORE  SIZE  OF  PROGRAM  AND  RUNNING  TIME 

This  program  occupies  about  13,000  cells  of  core  storage.  The  example 
problem  (2  solutions')  required  about  1  minute’s  execution  time  on  the  IBM 

7094  computer . 

B-IV.  MINIMUM  OUTPUT  FOR  AN  EXAMPLE  PROBLEM 

The  printed  output  from  the  example  problem  is  displayed  in  Tabl<  B-IV 
and  B-V.  In  oi-der  to  demonstrate  the  generality  of  the  code,  the  example 
problem  called  for  two  solutions  for  the  input  electron  density  distribu¬ 
tion:  the  first  for  the  mode  with  minimum  print-output  (Tabic  B-IV''  and 

the  second  for  the  W-2ll  raode  with  comFlete  print -output  (Table  B-V)  . 


B-l 


rt'“  flrst  Frinted-output  in  able  3-IV  are  the  roots  of  tho  Be-  tel 
function,  Xim,  as  defined  for  the  TE-modes  in  24.(51)  and  printed  in  the 
first  column,  and  for  the  TM-modes  in  Eq.(52)  and  printed  in  the  second 
volume,  ae  NAMMST-*INH,T  data  in  able  BJvfpage  B-10)  indude  the  cavity 
mensions,  the  mode  definition,*  the  atomic  masses  of  gas  atoms,  the  number 
Of  increments  for  the  numerical  integrations,  the  number  of  points  along  the 
radius  (WSR)  for  which  information  on  the  input  cards  are  to  be  read  or  the 
number  of  points  along  the  radius  (iffR)  for  which  normalised  values  of  the 
electron  density  are  to  be  read .  EPSB  is  an  error  input  variable  to  the 
BESSEL  subroutine  and  PRNT1  is  the  switch  for  the  inte^ediate  print-output 
(l=No,2=Yes) .  NSMORE  and  MORE  are  switches  for  control  of  repetitive  runs 
using  NAMELIST-input  (see  Fig.  B-l).  ae  last  record  of  input  is  the  infor¬ 
mation  on  the  input  cards  which  were  obtained  from  the  CW8  code. 

the  first  output  of  the  code,  with  PRNTld  for  minimum  print-output  are 
the  terms  under  NAMELIST-0NAM1  defined  in  Eqs.(59)(60)  and  (6l).  The  first 
term  (fQ)  under  0NAM2  is  the  vacuum  resonant  frequency  for  the  cavity  accord 
ing  to  Eq.(50)  and  for  this  1Mo£0  mode  is  .EOxlO?  cps  or  23.20  GHz , 

KF  is  the  leading  constant  in  Ba.(47),  COMQ„ve  and  COOLF  is  the  factor 

1  l+Ve  /tu°  in  Eq^1*7)  whlch  is  very  nearly  equal  to  unity.  The  warning 
statement  of  "extrapolation  for  arguments"  came  from  the  subroutine  FUTJCT 
(Ihble  A-IV)  because  a  value  was  requested  at  r=0  whereas  the  first  r-entry 
in  Table  B-IV  (page  B-l3)  is  at  rn.OxlO^cm  (due  to  Q00  code  limitations 
for  E  (r)  near  r=0) .  Values  of  the  integrals  in  the  numerator  and  denom¬ 
inator  of  Eq .(62)  are  printed  out  under  $NAM13  as  well  as  G(?)  which  for  this 
problem  lowers  the  "average  density"  about  16%  below  the  center  of  cavity 
value,  nQ.  The  predicted  shift  in  resonant  frequency  is  1.1*5  GHz  or  about 

°  °f  V  m  ls  the  fluency  after  the  shift  due  to  the  plasma,  i.e. 

f0+Af.  NMD  is  the  input  electron  density  at  the  center  of  the  cavity  n 
and  NEAVE=<„e>Theo  from  Eq.(flO).  °' 

B-V.  INTERMEDIATE  OPTPUT  FOR  AN  EXAMPLE  PROBLEM 


The  output  in  Table  B-TI  is  a  solution  for  another  mode,  «  ,  on  the 

same  electron  density  distribution.  This  was  accomplished  without  reading 

to  a  input  cards  (see  Table  B-m)by  setting  MOREs1 

definition  oi  symbols  at  beginning  of  source  program  listing  In  Ihble  B-l 


the  first  problem  and  NSM0RE=1  in  this  last  problem  and  adding  only  one 
TITLE-card  and  one  NAMELIST-INPUT  card.  On  this  last  input  card  PRNT1=2 
in  order  to  display  the  intermediate  output. 

The  printed -output  through  $NAM2  on  the  second  page  of  Table  B-V  is 
similar  to  that  described  for  Table  B-IV  above.  The  intermediate  output 
under  $NAM3  through  0NAM12  are  the  values  of  the  XAR-array,  the  GAR-array 
and  the  final  value  for  the  numerical  integration  for  each  integration  per¬ 
formed  .  The  particular  integration  can  be  identified  by  the  FORTRAN  name 
for  the  integral  and  the  equations  in  section  IIIA.2.  Because  we  selected 
a  uniform  distribution  of  electron  density  in  the  axial  direction  (see 
Table  B-Il)  all  of  the  numerical  integrations  over  z  resulted  in  a  value  O.35 
+  3  x  10  ^  which  is  very  close  to  the  correct  value  of  ^L=0  •35. 

The  output  under  0NAM13  is  Table  B-V  (page  B-l$  is  similar  to  that 
described  for  Table  B-IV  above.  The  vacuum  resonance  frequency  (fQ=24.97  GHz) 
for  this  m0(ie  is  higher  than  that  for  the  1M020  mode  (f  =23.20  GHz)  and 

the  predicted  frequency  for  this  mode  FRQ=26.lt  GHz  would  have  been  off-scale 
on  our  microwave  sweep  generator .  Because  of  the  different  electric  field 
distribution  the  predicted  electron  density  averaged  over  the  electric  field 
(NEAVE=0 .729x10  cm"-3)  is  appreciably  lower  than  that  predicted  for  the  TMQ20 

mode  (0.837xl012cm"3)  . 
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PROGRAM  F 'OR  CW^  RESONANT  F*Ed?l>ENCY  SHIFT"  CODE 


Resonant  Frequency-Shift  Cede 


TA,BljB  B*»I.  Resonant  Frequency-Shift  Code  (CW9) 
Listing  of  Program 


S IBFTC  MNP3CW9  FUL I  ST . REF « DFCK «M94 .XR7 »DD 

C 

C 

C**»*  this  IS  THE  MAIN  PROGRAM  FOR  THE  MICROWAVE  FREQUENCY  SHIFT  CODE 
C**#*  JOB  NO  IS  CW9 

C 

<-****  FLFCTPON  DENSITY  DISTRIBUTION  ALONG  RADIUS  CAN  BF  OBTAINED 

C**»*  FROM  OUTPUT  CARDS  FROM  ELECTRON  TEMPERATURE  CODE  CW8 

C 

C***»  D  =  THICKNESS  OF  C Av I TY » CM 

c****  RH02  =  RADIUS  OF  CAVITY. CM 

C 

C*#**  SELECTION  OF  CAVITY  MODE  TJ(LB.MB.NR)  * 

C ****  NT J* 1  FOR  TJ  =  TE  MODES  NTJ=?  FOR  TJ=TM  MODES 

C**#*  LB  =  L  FOR  L  *  0  THRU  A 

C#***  MB  =  M  FOR  M  =  0  THRU  3 

C*#**  NB  ■  N  FOR  N  =  0  THRU  3 

C 

C*##*  *SEE  TECHNIQUE  OF  MICROWAVE  MEASUREMENTS- 2  *  P-297 . MCGRAw-H ILL . 1 947 
C*#**  Lr  NO.  OF  FULL-PERIOD  VARIATIONS  OF  E-R  WITH  RESPECT  TO  O 

C**»*  M«  NO.  OF  HALF-PERIOD  VARIATIONS  OF  F-0  WITH  RESPECT  TO  R 

C**»*  N»  NO.  OF  HALF-PERIOD  VARIATIONS  OF  E-R  WITH  RESPECT  TO  Z 

DIMENSION  TITLE!  12)  «SUBT1T(12>  .XSR<  lMXCFNOI  1),XCFAI(  1) 
DIMENSION  R2 (51) «XNR(B1 ) «XTR(B1 > . TEROOT ( B . 4 ) .TMR00T(5.4) 

DIMENSION  XAR< 101  )  «GAR( 101  I 
D I  MENS  ION  L A ( 7 ) . XR2FR ( 5 1 >  « XNRFP ( B 1  ) 

COMMON/COM  1 /XAR .GAR 
C0MM0N/C0M2/L A . XR2FR , XNRFR 
C0MM0N/C0M3/D.RH02.DIFFRN 
INTEGER  PPNT1 

REAL  K.Kl .K3.KB.KC.KF.KP.ME.MASN0.MASA0.NEMID.NEAVE 

NAMEL I  ST/ I NPUT/D . RH02 . NT J. LB  .MB  .NB  . MASNO. MAS AO .NSTPZ .NSTPR .NSR » 
1 NFR , EPSB  * PRNT 1 . NSMORE • D 1 FFRN ♦ MORE 
NAMEL I  ST/NAM 1/K1 .K3.K 
NAMEL I ST/NAM2/F0 . KF . COLFRO  t  CCOLF 
NAMEL I ST/NAM3/XAR . GAR . VZS 
NAMEL I ST/NAM4 /GAR . XZS 
NAMEL I ST/NAM5/XAR . GAP  t  VZC 
NAMEL I ST/NAM6/GAR , XZC 
NAMEL I ST/NAM7/XAR. GAR . VR3 
NAMEL I ST/NAM8/GAR  t  VR 1 
NAMEL I ST/NAM9/GAR . XR 1 
NAMEL I  ST/NAM  1 0/GAR . XR3 
NAMELIST/NAM1 1/GAR. VR2 
NAMEL I  ST/NAM  1 2/GAR , XR2 

NAMEL I  ST/NAM 1 3/XNUM . XDEN « GFR , DFLFRO « FO . FRO .NEM I D . NEA VE 

NAMEL I ST/NAM20/NERR 

EXTERNAL  DUMMY 

ASSIGN  80  TO  LABFL 

IF  (.FALSE.)  GO  TO  80 

5  READ (5. 1 1 ) TITLE 

6  WRITE (6. 12) TITLE 

7  WRITE (6. 8) 

8  FORMAT ( 1  HO .25HROOTS  OF  BESSEL  FUNCTIONS/ 

1  4X.50H  X ( L . M ) *MTH  ROOT  OF  D/DX ( JL ( X ) ) »0  FOR  TE  MODES/ 

2  4X.50H  X ( L . M ) *MTH  ROOT  OF  JL ( X )  *0  FOR  TM  MODES/ 

3  5X»54HX( L.M) . S  STORED  IN  TEROOT ( L+ 1 ♦ M+ 1  )  AND  TMROOT ( L+ 1 « M+ 1 )  ) 


. . 


DAT  A ( 1TER00T!  1 * J) ♦ J«1 *4) «1»| «S > /Q. 0 * 3.832 * 7. 0 1 6 1 1 0. 1 74 • 0 #0 , 1 .84 1 » 

2^9?i82?ii^6a2/'0,3*054t6*706*9*9T0,°*0*4*201  *8*°15*  1  1  *346 *0.0*5.31 8 

DATA( ( TMROOT ( I » J ) « J« 1  * 4 >  « I  *  1 . 5 > /0. 0*2*405 * 5.520*  8*654 1 0* 0 * 3 . 832 * 
17. 016* 10. 174 *0.0*5. 136 *8. 417*11 .620*0.0,6.380*9.761 *13.015*0.0* 
27.588* 1 1.065* 14.373/ 

9  WR I TE ! 6 . 1 0 )  < ( TEROOT ( I  *  J ) « TMROOT ( I , J ) »  J* 1 , 4 ) « I « 1 . 5 ) 

10  FORMAT ( 1  HO ,2E20 . 8 1 

11  FORMAT ( 1 2A6 ) 

12  FORMAT ( 1H1 *20X* 1 2A6 ) 

13  READ ( 5 « 1  1 » SUBTIT 

15  WR ITEC6, 161TI TLE ♦ SUBT 1 T 

16  FORMAT! 1H1 «20V* 12A6/21X* 12A61 

17  READ  (5, INPUT) 

18  WRITEI6* INPUT) 

19  GO  TO ( 26  *  20 ) « NSMORE 

20  READ  (5*21)  NSR » XSR (  1 ) . XCFNO (  1 ) « XCF A  I ( 1  ) * ( R2 ( N )  » XNR ( N ) * XTR ( N ) ,N« 1  « 
1NSR) 

21  FORMAT! I3/16E12. 5) ) 

22  DO  25  N*1,NSR 

23  XR2FR1N) =R2!N)/R2(NSR) 

24  XNRFR! N ) =XNR < N ) /XNR ! 1 ) 

25  CONTINUE 

26  IF  ! NFR )  32*32*27 

27  READ ! 6 * 28 )  ! XR2FR! N ), XNRFR ( N )* N* 1 , NFR ) 

28  FORMAT !6E 12. 5) 

32  WRITE! 6, 33)  XSR 1 1 )  * XCFNO ! I ) ♦ XCF A  I ( 1  > 

33  FORMAT  1 1  HO « 40HCENTER  OF  CAVITY  VALUES--  (SOURCE/NO)  =  *E20»8/ 

1  * 3X « 38HELECTR0N— NEUTRAL  COLLISION  FREQUENCY  =*E20*8/ 

2  *  3X*  38HELECTR0N- 1  ON  COLLISION  FREQUENCY  =»E20.8) 

34  WRITE <6, 35)  NSR 

35  FORMAT! 1H0, I3.71H  INPUT  VALUES1NSR)  FOR  RAD I  US ! R2 ) *  EL-DENS  I TY { XNR 
1).  EL-TEMPERATURE ! XTR ) ) 

36  WR I TE ! 6 « 37 )  !R2!N)  *XNR(N) * XTR IN) »N=1 *NSR) 

37  FORMAT  I  1 HO  * 3E20 • 8 ) 

C**»*  CONTROL  ARRAY  FOR  TABX 

44  LA! 1 >=NSR 

45  LA 1  2 )  =  1 

46  LA ( 3 ) “  1 

47  LA ( 4 )  =  1 

48  LA ( 5 ) = 1 

•  49  LA ( 7 ) =2 

70  GO  TO  100 
80  WRITE(6,NAM20) 

85  GO  TO  800 

100  P I »3. 1 4 1 59E0 

101  Q= 1 .602 1 OE— 1 9 

102  ME =9. 1 084E— 3 1 

103  KP*8. 8540E— 1 2 

104  KB=1 .3R04E-23 

105  KC*2.99793E8 

120  XL=LB 

121  XM«MB 

122  XN*NB 

130  L1»LB+1 

131  M1=MB+1 

132  N 1 =NB+ 1 

134  R2MIN*R2! 1 ) 

136  R2MAX*R2!NSR) 

140  GO  TO  ! 150* 159) ,NTJ 
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1  “50  XLM»TER00T(L1  ,M1) 

151  GO  TO  160 

159  XLM«TMR00T<L1 »M1 ) 

160  K 1 “XLM/RH02 
162  K3=XN*PI/D 

164  K  =SQRT ( K 1 #*2+K3**2 ) 

165  WR1TE16.NAM1 ) 

166  FO»KC*1.0E2«K/(2.0*PI ) 

168  KF=( ( ( <Q/ME)*Q>/KP)/(8.0*PI*PI 1 >*1 «0E6 
170  COLFRQ=XCFNO( 1 ) +XCF A  1 ( 1 > *MASA0/MASN0 

172  CCOLF»1.0/( 1 .0+COLFRQ*C0LFRa/(2.*PI*F0)**2> 

173  WRITE(6,NAM2) 

1 80  XLK 1 = ( XL/K 1 >**2 
182  XKlK=(Kl/K)**2 
184  XK3K=<K3/K)**2 

186  DELZ=D/FLOAT(NSTPZ) 

187  NZ 1 =NSTPZ+ 1 

190  IF ( K3 )  1 92 » 1 92  «  204 

192  VZSs-0.0 
194  XZS=0.0 
196  GO  TO  250 
204  Z=0.0 

210  DO  219  NZ»1 «NZ1 

212  GAR(NZ)=(SIN(K3*Z> )**? 

214  XAR ( NZ 1 =Z 
216  Z=Z+DELZ 

219  CONTINUE 

220  VZS=SIR(DUMMY«0.0«DiN4TPZ) 

221  GO  TO  (223,222) ,PRNT1 

222  WR I TE ( 6 , NAM3 ) 

223  Z*0*0 

224  DO  229  NZ=1 »NZ1 

226  GAR ( NZ ) =GAR ( NZ ) +F7 <  Z 1 

228  Z=Z+DELZ 

229  CONTINUE 

230  XZS=SIR( DUMMY*0.0#D«N5TPZ) 

231  GO  TO  (250,232) ,PRNT1 

232  WR I TE  <  6 ,  NAM4 ) 

250  Z=0*0 

252  DO  259  NZ=1»NZ1 
•254  GAR ( NZ ) = ( COS ( K3*Z ) )**2 

255  xar;nz)=z 

256  Z=Z+DELZ 

2 59  CONTINUE 

260  VZC=SIR(DUMMY»0.0»D«NSTPZ) 

261  GO  TO  ( 270  *  262 ) » PRNT 1 

262  WR I TE ( 6 » NAM5 ) 

270  Z=0.0 

272  DO  279  NZ*1»NZ1 

274  GAR ( NZ ) *GAR  <  NZ ) *FZ ( Z ) 

275  Z=Z+DELZ 

279  CONTINUE 

280  XZC=SIR(DUMMY,0.0»D,NSTPZ) 

281  GO  TO  (300,282) ,PRNT1 

282  WR I TE ( 6 , NAM6 ) 

300  DELR=RH02/FL0AT(NSTPR) 

302  NR 1 =NSTPR+ 1 
304  R=0 • 0 


310  DO  319  NR B  1  » NR 1 
312  RlmR-W-Kl 

314  YkBESSEL(R1 .LB. 1 .EPSB. LABEL .NERR) 

315  GAR(NR)s(Y**2)*R 

316  XAR ( NR ) =R 

317  R-P+DELR 

319  CONTINUE 

320  VR3~SIR( DUMMY. 0.0 .RH02.NSTPR) 

321  GO  TO  (323.322) .PRNT 1 

322  WR I TE ( 6 . N AM7 ) 

327  R-0.0 

324  DO  327  NRsl.NRl 

325  GAR ( NR ) =GAR ( NR ) / ( R*R ) 

326  R=R+DELR 

327  CONTINUE 

328  VR 1 =S I R ( DUMMY  4  0 . 0  4  RH02 .NSTPR) 

330  GO  TO  (332.331 ) .PRNT1 

331  WR I TE ( 6 . NAM8 ) 

332  R=0 • 0 

333  DO  337  NR=1«NR1 

334  FR2=R/RH02 

335  GAR(NR)=GAR(NR)*FUNCT(FR2) 

336  R=R+DELR 

337  CONTINUE 

340  XR1=SIR( DUMMY 4 O o 0 4 RH02 .NSTPR) 

341  GO  TO  (343.342) .PRNT1 

342  WR I TE ( 6  «  NAM9 ) 

343  R=0.0 

344  DO  347  NR=1.NR1 

345  GAR(NR)=GAR(NR)*R*R 

346  R=R+DELR 

347  CONTINUE 

350  XR3  =  S I R ( DUMMY .0.0. RH02 .NSTPR ) 

351  GO  TO  4 353  »  352 ) «  PRNT 1 

352  WR I TE ( 6  »NAM 1 0 ) 

353  R=0.0 

354  DO  369  NR=1»NR1 
356  R1=R*K1 

358  YB 1 =BESSEL ( R 1 .LB. 1 .EPSB .LABEL .NERR ) 
360  YB2=BESSEL(R1 .LB+1 » 1 .EPSB . LABEL .NERR ) 
362  Y= (FLOAT (LB) /R1 )*YB1-YB2 
364  GAR ( NR ) = ( Y**2 ) *R 

368  R=R+OELR 

369  CONTINUE 

371  VR2=SI R( DUMMY .0.0 . RH02. NSTPR) 

374  GO  TO  (377.376) .PRNT 1 

376  WR I TE ( 6 .NAM  1 1  ) 

377  R=0 • 0 

378  DO  385  NR-1.NR1 

379  FR2=R/RH02 

380  GAR ( NR ) =GAP ( NR ) *FUNCT ( FR? ) 

382  R=R+DELR 

385  CONTINUE 

390  XR2=S I R ( DUMMY .0.0. RH02 .NSTPR ) 

391  GO  TO  (400.392) .PRNT1 

392  WR I TE ( 6  » NAM  12) 

400  GO  TO  (500.600) *NTJ 

500  XNUM=PI*XZS*(XLK1*XR1+XR2) 

505  XDEN=P1*VZS*(XLK1*VR1+VR2> 
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510  GFR=XNUM/XDEN 
515  GO  TO  700 

600  XNUM=PHKXZS*(XR2+XLK1*XK3K#XR1 KXZC*XK1K«XR3 > 
605  XDEN=PI*< VZS*< VR2+XLK 1 *XK3K*VR1 ) +VZC*XK 1 K*VR3 > 
610  GFR=XNUM/XDEN 

700  DELFRQ® ( KF*CC0LF*XNR  < 1  ) /FO  >  *GFR 

705  FRQ=FO+DELFRQ 

706  NEM ID»XNR < 1 > 

707  NEAVE“XNR( 1 )#GFR#CCOLF 
710  WR I TE ( 6  ♦ NAM  13) 

800  GO  TO ( 81 0 » 5 ) .MORE 

810  READ  (5.811)  SUBT 1 T 

811  FORMAT (12A6) 

812  WR I TE ( 6  *  1 6 ) T I TLE  » SUBT I T 

813  GO  TO  17 
END 


TABLE  B-H .  Function  statement  for  axial  distribution  of  ne. 

SlBFTC  FZZ4CW9  FUL I  ST . REF t DECK «M94 . XR7*DD 
FUNCTION  FZ(ARG) 

COMMON/COM3/D  .  RH02 ♦ D I FFRN 
PI=3. 14159 
D2=D/2 • 

FZ=(COS( (PI/2. )*( ( ARG/D21-1 « ) ) )**DIFFRN 

RETURN 

END 


TABLE  B-III. 


See  Table  A-HI  (page  A -31).) 


SDATA 

RUN  109.7.1.109.7.2  RES.  FREQ.  SHIFT  M-WAVE  CAV-14'  (NE-AR)  RUN  64 
RUN  109.7.1  P= 1000. KW  S=1.300E~3  TGAS»405  OK  TM<0«2«0)  MODE 
SINPUT  D  =  0 . 7 .  RH02=1 . 13525.  NTJ=2,  LB=0.  MB  *2.  NB  =0. 

MASN0=3.37 1 E—26 .  MASA0=6 . 67 1 E-26 »  NSTPZ*10.  NSTPR«10«  NSR= 1 1 .  NFR=0« 
EPSB=0 . 00 1 .  PRNT1=1 «NSMORE*2»DIFFRN=O.OOOE-O0.  MORE-1  $ 

1  1 


0. 13000E-02 

0.72266E 

10 

0.20063E 

09 

0.1 0000E-02 

0.98951E 

12 

0.80445E 

03 

0. 1 1450E 

00 

0 . 9903  IE 

12 

0.80445E 

03 

0.22800E 

00 

0.98398E 

12 

0.80445E 

03 

0.34150E 

00 

0.97247E 

12 

0.R0445E 

03 

0.45500E 

00 

0.95419E 

12 

0  •  80445E 

03 

0.56850E 

00 

0.88222E 

12 

0.77331E 

03 

0.68200E 

00 

0.83960E 

12 

0.7733  IE 

03 

0.79550E 

00 

0.74909E 

12 

0.74499E 

03 

0.90900E 

00 

0.64627E 

12 

0.72000E 

03 

0. 10225E 

01 

0.54928E 

12 

0.70735E 

03 

0.1 1360E 

01 

0.43552E 

12 

0 . 66658E 

03 

RUN  109 

•  7. 

2  P=1000 

•  KW 

S*1  .300E 

-3 

TGAS-405  < 

OK  TE ( 2 « 1 

♦  1  ) 

MODE 

SINPUT  NSMOREs 1 . NT J= 

1*  LB=2 i  MB= 

1  « 

NB=1_.  _ 

PRNT  1=2.  MORE-2 

!  $ 

E. 

.9 

'  -  ifjjliidJlUluiunliJ  JiUi 


RUN  179.7.1,109.7.?  RES.  FREJ.  SHIFT  f'-WAVc  CAV-14  (NE-AR)  RUN  o4 
PEN  1C7.7.1  P=lf  07. KW  S=I.mE-3  TGAS=475  DK  TM(7.?,9)  MODE 


455Pr-C"ot  io  h.osa isoo'if  i?  ti 


90<J0f'ro')fc  on  0.->*62790rf  12  f  .  72  -JOOnrofr  73 
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